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e in Computer S
ien
e and EngineeringAbstra
tThe Alpha Magneti
 Spe
trometer (AMS) experiment will sear
h for and study anti-matter, dark matter, and 
osmi
 rays from the International Spa
e Station (ISS). Theexperiment 
onsists of several arrays of subdete
tors designed to re
ord ne
essarydata autonomously. The data a
quisition system (DAQ) is a distributed systemof pro
essors of modest power whi
h 
olle
t, 
orrelate, and transmit the massiveamounts of data produ
ed by the subdete
tors. In addition, the DAQ permits propermaintenan
e of the key AMS 
omponents. In order to design and test this 
omplexdistributed system, a simulation was written whi
h 
losely mimi
s the DAQ. Thisproje
t 
overs the development of the DAQ system design and the simulation testbed.Thesis Supervisor: Peter FisherTitle: Professor
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Chapter 1
Introdu
tion
The Alpha Magneti
 Spe
trometer (AMS) is a parti
le physi
s experiment that willstudy high energy 
osmi
 parti
les from aboard the International Spa
e Station (ISS).This experiment promises unpre
edented sensitivity due to its lo
ation beyond theEarth's interfering atmosphere. Armed with the high-pre
ision AMS data, AMSseeks to �nd experimental eviden
e of theoreti
ally predi
ted but as yet unobservedphenomena.Physi
ist Paul A.M. Dira
 asserted in his Nobel Le
ture of De
ember 12, 1933 [6℄that, at the beginning of the universe, the amount of matter and anti-matter wasequal. Yet, the galaxy in whi
h we live appears to 
onsist entirely of matter. Insupport of his symmetry assertion, Dira
 further 
onje
tured in his Nobel Le
turethat the universe 
ontains anti-matter galaxies.If they exist, anti-matter galaxies would follow the same physi
al laws as the well-understood matter galaxies. In parti
ular, 
osmologists expe
t anti-matter galaxiesto in
lude anti-supernovae. These anti-supernovae produ
e anti-elements su
h asanti-
arbon just as supernovae produ
e elements. For every billion anti-elementsexpelled by an exploding anti-supernova, one might es
ape the anti-galaxy from whi
hit originated and wander into our own galaxy.Until now, attempts to dete
t these wayward anti-elements have been unsu

essful.A major reason for the failure of some of these experiments is that they are lo
ated onEarth. Anti-matter entering Earth's atmosphere is likely to annihilate with matter15



before rea
hing the surfa
e of the Earth. Other experiments have been 
own viaballoons to the upper rea
hes of the atmosphere. However, the duration of a balloon
ight is only 40 or 50 hours making it unlikely that an anti-parti
le will be observed.Some experiments have also been 
own on satellites, but due to budget 
onstraintsthey were too small to be su

essful.AMS aims to 
ir
umvent these obsta
les by orbiting AMS around Earth on the ISSfor three years. From this privileged position, AMS will gather detailed data about themany high energy parti
les whi
h 
onstantly barrel through spa
e. Through 
arefulanalysis of the properties of ea
h parti
le, we hope to �nd one of the elusive 
osmi
ally-originating anti-parti
les. A dis
overy of this sort would be a major breakthrough inphysi
s. It would lend 
redibility to 
urrent theories of the Big Bang and support thewidely a

epted Grand Uni�ed Theory whi
h predi
t a symmetri
 universe.1.1 Experimental SetupThe most important mission of AMS is to dete
t anti-matter. In order to a
hieve thisgoal, AMS warps the paths of parti
les with a large magneti
 �eld. The 
harge of theparti
le determines the dire
tion of its traje
tory through the magneti
 �eld. Sin
eprotons have positive 
harge whereas anti-protons have negative 
harge, matter andanti-matter will follow di�erent traje
tories through the magneti
 �eld.In order to dete
t and identify high energy parti
les, the AMS dete
tor has a seriesof subdete
tors whi
h measure the energy and position of a parti
le (Figure 1-1). Thering-imaging Cerenkov dete
tor (RICH), transition radiation dete
tor (TRD), and theele
tromagneti
 
alorimeter (ECAL) utilize various physi
al pro
esses to determinethe energy of a parti
le [2℄. Ea
h subdete
tor is optimized for a parti
ular energyrange. The position of a parti
le is measured by the tra
kers. A strong magnetprodu
es a uniform magneti
 �eld with parallel �eld lines a
ross the subdete
tors.As a parti
le passes through the system, it hits the subdete
tors and produ
es asignal. The tra
kers 
an lo
ate this signal to within 10 mi
rons (10 � 10�6 meters),and the other subdete
tors 
an determine its energy to within a few per
ent. By16




ombining data from all the subdete
tors, we 
an re
onstru
t the path of a parti
lethrough the magneti
 �eld and its energy.However, this is not enough information to distinguish matter from anti-matter.In order to determine the dire
tion in whi
h the magneti
 �eld warped the parti
le'spath, we must know whi
h tra
ker { the top tra
ker or the bottom tra
ker { a parti
leen
ounters �rst. This requires a notion of time. Time of 
ight dete
tors (ToF) areintrodu
ed for this purpose. The ToFs sandwi
h the tra
kers and re
ord to within100 ps when a parti
le passes through them. Assuming the parti
le is traveling at thespeed of light, it will take the parti
le approximately 3000 ps to traverse the dete
tor.Therefore, the time measurements of the ToFs along with the information from thetra
kers 
ompletely determine the traje
tory of the parti
le.From the data gathered by the subdete
tors, we 
an 
on
lude the velo
ity, mo-mentum, energy, and 
harge of the parti
le. This information will allow us to answerquestions about the existen
e of anti-matter, the type of anti-matter, and the inter-gala
ti
 propagation of anti-matter.1.2 Data A
quisitionWe expe
t around 3x103 parti
les to bombard the dete
tor ea
h se
ond. Of these,approximately 100 parti
les per se
ond 
an be re
orded. Ea
h subdete
tor has seriesof 
hannels that lo
ate the position of the parti
le within the subdete
tor. There aremany 
hannels and every 
hannel must be re
orded (Table 1.1). Correspondingly, thesubdete
tors will produ
e data at 2 megabits per se
ond. The DAQ is responsiblefor 
olle
ting, 
orrelating, and transmitting this massive amount of data within thebandwidth 
onstraint.Every time a parti
le passes through AMS, all subdete
tors produ
e data 
on
ern-ing that parti
le. Colle
tively this data is known as an event. Event data propagatesthrough the DAQ system and gets pa
kaged into an event message. The main pur-pose of the DAQ system is to guarantee 
onsisten
y and 
ompleteness of these eventmessages subje
t to low power, data 
orruption, and unreliable links.17



Figure 1-1: AMS dete
tor
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Subdete
torName NumberofChannelsTra
ker 140,000ToF 200RICH 16,000TRD 6,000ECAL 2500Table 1.1: Number of 
hannels per subdete
torTo a

omplish this task, around 400 
omputers are arranged in a tree stru
ture(Figure 1-2). The DAQ tree 
onsists of four types of levels. At the root of the tree arethe main data 
on
entrator (MDC) 
omputers. The MDCs interfa
e with the 
ontrolson ground, providing the main link to the DAQ system. The intermediary nodes ofthe tree are the 
ommand distributor and data 
on
entrator (CDDC) 
omputers.These 
omputers 
olle
t and transmit data to the root of the tree as well as pass
ommands towards the leaves of the tree. The top layer of CDDCs are 
alled thetop data 
on
entrator (TDC) 
omputers. Below the TDCs, the immediate parentsof the leaves of the tree are the intermediary data 
on
entrator (IDC) 
omputers.IDCs share all the responsibilities of the TDCs and additionally prompt the leavesof the tree to read event data from the subdete
tors. The leaves of the tree are thefront end 
omputers (FEE). They are 
onne
ted dire
tly to the subdete
tors and areresponsible for re
ording and digitizing dete
tor data. In addition to this tree of
omputers, there are two auxiliary units whi
h aid in the timing and syn
hronizationof data 
olle
tion. The fast trigger (FAST) examines the ToFs and sends a signalwhenever the ToFs indi
ate that a parti
le has passed from one to the other takingat least 3 nanose
onds. The level one trigger (TRI), re
eives the FAST signal, sele
tswhi
h parti
les to re
ord, and initiates data re
ording. All 
omputers must haveredundan
y for safety and system maintenan
e purposes.Users intera
t with the DAQ system via a system of 
omputers on the ground.All messages transmitted from the MDC to the ground are stored in a bu�er. Agraphi
al user interfa
e a

esses this bu�er and displays pertinent information to theuser. This interfa
e is also 
apable of transmitting 
ommands from the user ba
k to19



FEEs IDCs TDCs MDCsDetector ground

Figure 1-2: DAQ system diagramthe MDC.1.3 SummaryThe DAQ system is large, 
omplex, and essential to the su

ess of the AMS mission.The system must be designed as a whole with all 
omponents designed in parallel.Hardware limitations must be analyzed when designing the software; software re-quirements must be 
onsidered when designing the hardware. Every 
omponent ofthe system from the 
ustom-built hardware to the design and implementation of thesoftware must be thoroughly tested experimentally and veri�ed by logi
al reasoning.Thus it is ne
essary to design and test the DAQ software before the existen
e of theDAQ hardware.This paper dis
usses the software design and preliminary tests made in advan
eof the hardware. Our results in
lude an experimentally sound set of algorithms thata
hieve system goals subje
t to engineering 
on
erns. We test our software design inabsen
e of the hardware by writing normal and error-
ondition software simulations.The algorithmi
 
orre
tness of the system is substantiated via informal distributedsystems arguments. As a by-produ
t of our simulation study, we have produ
edsome highly reusable 
ode both for the 
ight version of the MDC and for the ground20



interfa
e to the DAQ system. We demonstrate the performan
e of this 
ode whenused in 
onjun
tion with prototype hardware.Chapter 2 develops a more 
on
rete notion of DAQ system and engineering 
on-straints. Chapter 3 dis
usses the overall DAQ system design proposed by this proje
tand provides an informal argument as for its 
orre
tness. Chapter 4 explains in de-tail the simulation software and test results and presents the reusable parts of thesimulation software.
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Chapter 2
DAQ System Overview
The DAQ system is designed to report parti
le data as measured by the AMS de-te
tors. These parti
le traje
tories, or events, are re
orded in thousands of disjointfragments. Ea
h 
hannel of ea
h subdete
tor produ
es a fragment for every event.The event fragments are 
ollated by the DAQ system to produ
e 
omplete and 
o-herent event messages. By 
omplete we mean a message for event E should 
ontainall fragments 
orresponding to E, and by 
oherent we mean the message should
ontain no fragments not 
orresponding to E. The DAQ system must reliably andautonomously report these event messages.When we require that the system be reliable, we mean that it should be able to
olle
t data even in the presen
e of 
ertain temporary and perhaps permanent failuresof individual 
omponents. However, we do not require the system to 
orre
t failuresautonomously. To implement user-intervention fault-toleran
e, we require the systembe self-monitoring: the system should monitor its own status and periodi
ally reportthis status to the user. Furthermore, the system should be able to respond to user
ommands. Allowed 
ommands in
lude those that 
hange the state of any system
omponent (e.g. user may request a 
omputer to power down or load new software)as well as those that observe the state of system 
omponents (e.g. user may requesta report of the 
urrent memory 
ontent or temperature of a pro
essor).When we say the system should be autonomous, we mean that 
omplete and 
o-herent event messages 
orresponding to \interesting" parti
les should be produ
ed23
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Happy scientist
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FAST & TRI

Nobel prize

detector

Figure 2-1: Creation of an event message
by the system without human intervention. There are several steps in this pro
ess.First, the hardware must be able to dete
t events. Then, as there are too many eventsto re
ord them all, a 
ombination of hardware and software must suppress some ofthe less interesting events. When an event is dete
ted and not suppressed, the 
orre-sponding data must be read from the subdete
tors and digitized. The digitized eventdata must be 
ollated into a single 
omplete and 
oherent event message. Finally, thesystem must report event messages to the user for later analysis.To illustrate these tasks, we work through an imaginary s
enario (Figure 2-1).Suppose an anti-proton p hurtles through our dete
tor. First the hardware dete
ts p.The hardware and software triggers noti
e that this event is probably one of interestas the transit time of the parti
le a
ross the ToF is 2900 nanose
onds. If the DAQsystem is not at 
apa
ity, the triggers request that DAQ system read the event datafrom the subdete
tors. Then the DAQ system 
olle
ts all these fragments and storesthem in a single event message. The message is stored either within the DAQ systemor on board ISS until there is an opportunity to send the event to ground where somehappy s
ientist analyzes the data and wins the Nobel prize.24



2.1 ConstraintsEven though this system may seem 
ompli
ated to implement on Earth, it is mu
hharder in spa
e. There are many 
onstraints imposed on our system due to its spa
eenvironment. Stringent power 
onstraints, high bit error rate, and unreliable ISS-Earth 
ommuni
ation 
hannels all must be seriously 
onsidered in our design. These
onstraints imply our software should have low memory requirements, high data 
or-ruption toleran
e, and eÆ
ient use of the ISS-Earth network link.There are many other diÆ
ulties with ele
troni
s in spa
e su
h as low weight
onstraints and a large operative temperature range. However, as they do not a�e
tthe design of the software mu
h, we will not dis
uss them here.2.1.1 Low PowerAs ISS is solar-powered, the energy resour
es are very s
ar
e. Even with its 26; 000square feet of solar panels, the theoreti
al maximum system power output of ISS is83 kilowatts [10℄. That is enough ele
tri
ity to power only about 200 homes. Thislimited power must be shared by all the systems aboard the station, the astronautlife support system, AMS, and many others. ISS has provided AMS with a powerbudget of just 2 kilowatt. Of this, we have de
ided to allo
ate 200 watts, or about2 light bulbs worth of power, to the DAQ system. If the system draws more powerthan that, a 
ir
uit breaker will shut the system down. In order to a

ommodate thislow power budget, we have 
hosen simple 
omputers with limited memory resour
es.2.1.2 Data CorruptionIn spa
e, data stored in memory has a high rate of 
orruption. Ba
kground radiation,
osmi
 rays, solar 
ares, plasmas, gasses, and \mi
ro-parti
les" produ
e heavy ionsthat 
onstantly bombard AMS. When these parti
les 
ollide with transistors in our
omputers' memory 
ells, they have the power to destroy units or 
ip bits of memory.Our system must be robust in this environment. We introdu
e redundan
y into key
omponents to prote
t against destru
tion. We use prote
tion 
ir
uits to prolong25



the lifetime of ea
h 
omponent and improve the quality of stored data. Still, we 
annot guarantee data will be error-free, so we introdu
e error dete
tion and 
orre
tionsoftware to help redu
e the probability of 
orrupted data. Furthermore, we designour proto
ols to work in the presen
e of lost and 
orrupted messages.2.1.3 Unreliable LinksThe links between ISS and earth are sporadi
, unreliable, and have limited bandwidth.Many vital ISS systems su
h as the high-de�nition television system used for pressinterviews must share these links. Experiments on-board ISS su
h as AMS mustalso use these links to report data to ground and re
eive 
ommands from ground.NASA has allo
ated AMS an average data transmission rate of around 2 megabitsper se
ond. The average event data output of AMS will be about 2 megabits perse
ond with a peek average of 4 megabits per se
ond. We have designed our proto
olsto minimize usage of this link. To reliably 
olle
t events in su
h an environment, weremove dependen
e on the ISS-Earth link. We have a 
omputer, AMS 
rew operations(ACOP), on-board ISS whi
h dupli
ates all the vital 
ommanding 
apabilities of theground interfa
e. In addition, ACOP has inter
hangeable disks with enough storageto re
ord data for a month autonomously. If the ISS-Earth link be
omes permanentlyunavailable to AMS, data 
an be stored on these disks and transported to Earth viashuttle. This s
enario is highly unlikely; more probably, the ISS-Earth link willexperien
e long periods of down time. In su
h situations, the MDCs 
an store datain their 2 gigabyte SDRAM bu�er storage. This storage is large enough to store datawithout transmission for up to two hours after whi
h the link will hopefully be
omeavailable again.2.2 Ar
hite
tureWe have designed a DAQ ar
hite
ture whi
h, together with the proto
ols and pro-grams des
ribed in Chapter 3, a
hieves the goals we have outlined subje
t to the
onstraints from Se
tion 2.1. The proposed DAQ system 
onsists of a tree of 
omput-26



ers, or modules, with quadruple redundan
y. Ea
h module is a very limited devi
e
onsisting of a pro
essor, limited read-only memory (ROM) for boot 
ode, limitedrandom a

ess memory (RAM) for data storage, 
ash memory for program storage,and gate array logi
 (GLA) to 
ontrol memory and devi
e a

ess. Ea
h module isalso equipped with some number of ports for 
ommuni
ation.The modules are arranged in a tree-like stru
ture where the nodes are redundant(Figure 1-2). The main data 
on
entrator (MDC) modules provide the main linkfrom AMS to the 
ontrollers on ground. The 
ommand distributor and data 
on
en-trator (CDDC) modules distribute 
ommands and 
olle
t data. The front-end (FEE)modules read and digitize event data from the dete
tor.At the root of the tree lie the main DAQ 
omputer (MDC) modules. Thesemodules provide the main link between the ground and the DAQ tree. The MDCs arealso both the ultimate masters of the DAQ tree and the ultimate spa
e destinationof event messages. This makes the MDCs responsible for system monitoring andstorage of 
olle
ted data. Therefore, the MDCs have signi�
antly more power thanother modules. From the software design perspe
tive, they have essentially unlimitedmemory (Compa
tPCI 6U board providing 2 gigabytes of RAM bu�er storage) andpro
essing speed (Compa
tPCI 6U single board 
omputer based on the PowerPC 750
hip set at 400 MHz).The intermediate modules of the tree are the 
ommand distributor data 
on
en-trator (CDDC) modules. These modules provide 
ommand distribution down thetree as well as event data 
olle
tion up the tree. Be
ause of the nature of the pro-to
ols and ports whi
h we will dis
uss later, CDDCs must have a dedi
ated port forevery 
ommuni
ation link to a parent in the tree. However, CDDCs have a �xednumber of ports for 
ommuni
ating with their 
hildren, and ea
h of these ports 
an
ommuni
ate with any 
hild.The front-end DAQ (FEE) modules provide digitization and data 
ompression/redu
tionfor the dete
tor's sensors. They are lo
ated at the leaves of the tree and 
onne
ted tothe dete
tors. When a parti
le passes through the dete
tors, a triggering me
hanismprompts the FEE to start data readout and digitization. It is possible that some27



FEE is busy and unable to read data when a parti
le passes through the dete
tors.In order to guarantee event 
oheren
y, it is important to keep the FEEs syn
hronized.A FEE should only re
ord data if every FEE 
an re
ord data. For this purpose, theFEEs emit a busy signal when they are unable to re
ord data. These signals areOR'd and inhibit the trigger. To further aid in 
oheren
y, ea
h FEE has an event
ounter. Every time a FEE re
ords data, he in
rements his event 
ounter. The highlevel proto
ol 
an then 
he
k 
oheren
y of an event by reading the event 
ountersasso
iated with that event. Like every module, FEEs use ports to 
ommuni
ate withother modules. A FEE has a dedi
ated port for every 
ommuni
ation link.The modules 
ommuni
ate with ea
h other via a series of ports 
alled the AM-SWIRE ports whi
h allow for instantaneous transmission and re
eption. The port hastwo dedi
ated bu�ers for transmission and re
eption. The port will report overwrittendata, un�nished data, and �nished data. The port makes no attempt to prevent datafrom being overwritten { this is the responsibility of the top level proto
ol designer.The AMSWIRE ports guarantee that data written to the transmit bu�er will betransmitted. Data read from the re
eive bu�er may be overwritten or just partiallyre
eived. The AMSWIRE port provides a status register to report the status of there
eived data.
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Chapter 3
DAQ System Design
The DAQ is a distributed system. The basi
 building blo
ks of this system are thesingle pro
essor 
omputers or modules dis
ussed in 
hapter 2. Modules 
ommuni
ateto ea
h other via ports and links. Ports are simply the hardware used for 
ommuni
a-tion, and ea
h module has a �xed number of these. Links are the wires that 
onne
tmodules, and so there is one link for every pair of 
onne
ted modules. To 
ommuni-
ate with a neighboring module, a module sele
ts a port, 
onne
ts that port to theappropriate link, and then initiates the transmission (Figure 3-1). Most modules inthis system have limited memory, and so we impose a 
onstraint that the 
ommuni-
ation proto
ols require a small �xed amount of memory. Furthermore, unless themodule has ample memory (i.e. represents ground or an MDC), the module shouldonly be lo
ally aware of his surroundings, or equivalently, from the state of a module,we should only be able to derive the immediate neighbors of the module.The DAQ system design de�nes the basi
 stru
ture of intermodule relationships,or how modules 
ommuni
ate with ea
h other. Communi
ation in the DAQ systemhas a layered ar
hite
ture design [3, 15, 13℄. Ea
h layer a

omplishes a set of fun
tionsand is transparent to other layers. There are three layers. The physi
al layer is theAMSWIRE proto
ol [4℄ responsible for transmission and re
eption of a
tual bytes ofdata. The data link layer 
aptures the proto
ols modules use to ex
hange messages(Se
tion 3.1). The appli
ation layer de�nes the sequen
e of messages deployed toa

omplish the high-level tasks of the DAQ system (Se
tion 3.2).29
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Figure 3-1: Ports and links3.1 RelationshipsThe data link layer 
ommuni
ation between modules adheres to one of two sets ofproto
ols, the master-slave relationship or the girlfriend-boyfriend relationship. Themaster-slave relationship optimizes 
ommuni
ation in the 
ase of fast, reliable linksbetween modules of low memory. The girlfriend-boyfriend relationship optimizes
ommuni
ation in the 
ase of slow, unreliable links between modules of moderatelyhigh memory.3.1.1 Masters and SlavesModules are arranged in a master-slave hierar
hy. This system is represented by adire
ted graph whi
h may evolve with time (Figure 3-2). Ea
h node is a module.Ea
h arrow is a master-slave relationship drawn from the master module to the slavemodule. Noti
e if there is a path from A to D in the dire
ted system graph, then A
an 
ommand D by appropriately 
ommanding the intermediary modules (B or C inthe example in the �gure). In this 
ase we 
all D a subslave of A. As shown in the�gure, a master may have multiple slaves and a slave may have multiple masters. Infa
t, we use this generalization in the DAQ system in order to implement redundan
y.30
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Figure 3-2: Dire
ted system graphHowever, in this study we 
on
entrate on the 
ase when slaves have just one masteralthough all algorithms presented extended to the general 
ase.In general, we would like the master module to have 
omplete 
ontrol over theslave module. The slave module, on the other hand, should only intera
t with themaster module when his servi
e is requested. This means every pie
e of transmittedinformation needs two messages, one from the master module to the slave modulerequesting a servi
e and one from the slave module to the master module servi
ingthe request. This simple model of 
ommuni
ation is ideal for our purposes. It is easyto implement and requires minimal memory. In parti
ular, there is no need to queuemessages, and there is no need to store them for retransmission.More spe
i�
ally, we de�ne master and slave proto
ols. To state these proto
ols,we introdu
e some de�nitions.� request: A message from a master to a slave31



� reply: A message from a slave to a master� handle: A reply is 
onsidered handled when it is sent (slave)/re
eived (master)� servi
e: A request is 
onsidered servi
ed when the reply it generated has beenhandledNow we 
an de�ne the proto
ols.� Master proto
ol The master promises to pass a request to a slave only afterthe previous request to that slave has been servi
ed.� Slave proto
ol The slave promises to generate a reply only in response to themost re
ent request in the slave's view, and only if that request is unservi
ed.A
tually, these proto
ols are not strong enough for us. The main problem is thatmessages that are sent are not ne
essarily re
eived. Although in fa
t it is highlyunlikely that a sent message will be simply lost in transmission, it is quite possiblethat a message gets 
orrupted in memory 
ausing the module to enter a state in whi
hhe assumes he never re
eived that message. This allows for two probable s
enarioswhi
h will 
ause in�nite delay in the system. In one s
enario, the slave sends a replywhi
h the master never re
eives. In the other s
enario, the master sends a requestwhi
h the slave never re
eives. For example, say a master sends a slave a request andafter the slave re
eives the request, some external e�e
t su
h as a lat
h-up 
orruptsthe slave's memory. As this memory 
orruption sends the slave into an undeterminedstate, it is possible that the slave will no longer realize there is a pending request. Themaster, a

ording to the proto
ol, should wait inde�nitely for the slave to reply. Yetthe slave will not reply as he per
eives no pending request. The slave (or at least thatmaster-slave link) will be ina

essible forever more even though the slave is healthy.Although it is never possible to 
ompletely advert an atta
k from a mali
iousmodule with unbounded power, we 
an try to avoid some plausible error s
enarioslike the one des
ribed above. To a

omplish this, we introdu
e the notion of a timeout.A timeout is an intra-module alarm signal that the master 
an set when he makes a32
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Figure 3-3: Communi
ation errorsrequest to his slave. If the slave does not respond before the alarm goes o�, the master
onsiders his request as servi
ed and 
ontinues with the proto
ol. More formally, weneed to modify our de�nition of servi
e.� servi
e: A request is 
onsidered servi
ed when the reply it generated has beenhandled or it has 
aused a timeoutThere are still some problems with our proto
ols. The problems stem from ourde�nitions of handle and servi
e. As a slave is never informed of a timeout in hismaster, it is 
on
eivable that some request has been servi
ed in the master's viewbut not in the slave's view. This 
ould 
ause a request to be servi
ed twi
e in themaster's view (Figure 3-3). Similarly, as sent messages are not ne
essarily re
eived,it is 
on
eivable that some reply has been handled (and thus the request has beenservi
ed) in the slave's view but not in the master's view. This 
ould 
ause a requestto never be servi
ed in the master's view (Figure 3-3).There are various ways to deal with the problems of loss, reordering, and dupli
a-tion of messages. A 
ommon approa
h is to introdu
e unique identi�
ation tags forevery message. However, this approa
h adds additional memory requirements and
omplexity. Simple proto
ols usually assume messages have unbounded length [11℄.Bounded-message length proto
ols are highly 
omplex [1℄. In fa
t, it 
an be shown33



that there are no \eÆ
ient" proto
ols that tolerate loss and reordering in the 
om-muni
ation [1℄.Lu
kily, our situation is less 
omplex. In parti
ular, we need to tolerate loss, butnot reordering or dupli
ation of messages. Our solution is to ignore these problems.In fa
t, these problems are not very probable if we 
hoose our design and parameterswell. If a slave thinks a request has been handled and the master does not, thisrequest will 
ause a timeout in the master and the master may de
ide to reissue therequest. If we design our request issuing routines with this s
enario in mind (i.e. atimeout does not imply the slave did not perform the a
tions in the request), we 
anassure ourselves that this problem will not harm us. We 
an also avoid the situationin whi
h a master thinks a request has been handled and the slave does not. Wejust need to pi
k the timeout 
onstant large enough to guarantee that a reply from ahealthy slave will be re
eived before the alarm goes o�.3.1.2 Girlfriends and BoyfriendsThe master-slave relationship works very well if the 
onne
tion from the master tothe slave is fast and reliable. However, in our DAQ system, the link from the ulti-mate master, ground, to her immediate slaves, the MDCs, had large delay and downtime. Furthermore, ground has virtually in�nite resour
es, making the stringent re-quirements governing the design of the master-slave relationship unne
essary in this
ase.There is some information, su
h as the system status, that must be 
onstantlyupdated in the ground module. However, this information resides in the MDCs. If theground-MDC relationship was a stri
t master-slave relationship, the ground wouldhave to request this information of the MDCs regularly, wasting half the pre
iousbandwidth with a predi
table request.We avoid this problem by de�ning a girlfriend-boyfriend relationship in whi
h theMDCs simply send 
ertain pre-determined information, 
alled 
owers, to the ground.The girlfriend (ground) doesn't request the 
owers but the boyfriend (MDC) sendsthem anyway. All 
onversations initiated by the girlfriend work a

ording to the34



master-slave relationship with the girlfriend as the master, and the girlfriend doesn't
onsider 
owers as an appropriate reply to any of her requests, although she doesexpe
t them.The girlfriend's implementation of a girlfriend-boyfriend relationship is simple.As boyfriends send 
owers at unpredi
table moments, the girlfriend just needs toimplement a queue for boyfriend messages. Then the girlfriend 
an pro
ess all themessages in the queue sequentially { it does not matter if the message is a 
oweror a reply. The boyfriend's implementation of a girlfriend-boyfriend relationship isstraightforward as well. The boyfriend just runs some routines that 
olle
t and sendthe girlfriend 
owers periodi
ally. We will see an example of this in Se
tion 3.2.1.3.1.3 MessagesMessages must 
onform to a parti
ular format in order for our system to interpretthem. There are two basi
 parts to any message { the header and the data. Theheader is of �xed length and 
ontains vital information 
on
erning the type of messageand perhaps some error 
he
king bits. The data is of variable length and 
ontainseverything else, that is, the essentials of what is being 
ommuni
ated.The format of a message is dependent on whether it is a request or a reply.Requests 
ome in two basi
 
avors { those that 
hange the state of the slave andthose that do not. We refer to these requests as set and get requests respe
tively. Theheader of a request indi
ates whether it is a set or get request in the name �eld. Theheader also indi
ates the type of request and the length of the request. The nameand type �elds help a slave determine the appropriate response. The length �eld tellsthe slave how mu
h information to read from the data �eld and is ne
essitated by theimplementation of the underlying 
ommuni
ation ports. The data �eld of a requestis very general and 
an be designed to 
ontain anything. Typi
ally, the data �eld of aget request might 
ontain additional information about what state the master wantsthe slave to read. The data �eld of a set request might 
ontain the information themaster wants the slave to write.So far, we have only dis
ussed dire
t 
ommuni
ation between two modules, and for35



Name Type Address Length Data

Header

GET STATUS 0.0.0.1 8 bytes

Figure 3-4: Example requestthis 
ase the above des
ription of a request header is suÆ
ient. In general, though, amaster may want to 
ommand a subslave. For example, say a position aware moduleA is a master of module B and module B is a master of module D (Figure 3-2). Thatis, D is a subslave of A. Then our design enables A to 
ommand D by requestingB to send a parti
ular request to D. This pro
ess 
an be viewed as two separatedire
t 
ommuni
ations. However, to ease implementation and improve eÆ
ien
y, itwould help to introdu
e an addressing s
heme and allow A to use B as a kind ofrouter for D. To implement this solution, we add an address �eld to the requestheader. B 
onsiders the address �eld when servi
ing requests and handling replies.A stores the address of D and every other subslave he may wish to 
ommand in hismemory. Noti
e this address �eld is only useful if there are position aware modulesin our system, and these position aware modules 
an only use this �eld to addresstheir subslaves.As an example of a request, 
onsider the 
ase in whi
h a master wants to knowthe status of a slave. To do this, the master should send the slave a GET STATUSrequest (Figure 3-4).There is still a small problem with our solution. Say in the above example D isdead. Then the request to D will generate a timeout in B. After this timeout, B willsend a reply to A. In order to avoid having A's request servi
ed twi
e, A's timeoutmust be longer than B's timeout. But then a module 
an derive information about36



his position from the length of his timeout. We 
an �x this problem by having thetimeout parameter be a fun
tion of the message, but this adds a barely used �eldto our message format. What we a
tually do is for
e B to suppress his reply if heexperien
es a timeout. Then A's request will be servi
ed just on
e. But this 
ausesanother problem. As we insist all requests have the same timeout length, and as Astarts his alarm before B, A will experien
e a timeout signal before B. Thus, A'srequest will be servi
ed in A's view and not in B's view. Now A may send B a se
ondrequest, violating the master proto
ol in B's view. In our analysis, we do not addressthis problem, but we re
ommend the �nal implementation adopt a solution whereea
h module has a di�erent timeout length. As our a
tual system has just four levelsof masters and slaves, this varied timeout length does not 
ause additional memoryrequirements.In general, replies are mu
h simpler than requests. A reply is only ever generatedin response to the most re
ent request. Therefore, a master always knows what anin
oming reply should 
ontain and where it originated. In essen
e, the only ne
essaryheader �eld is the length �eld. However, our implementation retains the name andtype �elds in the reply header in order to aid the master in interpreting the reply. Weuse three reply names, FAILURE, ABORT, and DATA. The FAILURE name is usedto indi
ate that the slave was in
apable of servi
ing the master request due to someerror in the slave. The ABORT name is used to indi
ate the slave did not understandthe master request (perhaps it got 
orrupted in transmission). The DATA name isused to indi
ate everything else. The type �eld varies depending on the reply andrequest. The ERROR type is always used in 
onjun
tion with the FAILURE andABORT names. A 
ommon type is the ALLOK type (Figure 3-5). This type istypi
ally generated in response to a set request.It is 
on
eivable that a master may want to make the same request of all his slavesand subslaves at one time (i.e. broad
ast a request). A master 
an a

omplish thisby sending a request to every subslave if he uses the appropriate addressing s
heme.Although this may seem like a reasonable solution, there are two major problemswith it. First, it assumes any module that wants to broad
ast a request is position37
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Figure 3-5: Example reply
aware. Se
ond, it generates a lot of traÆ
 on the network. We solve these problemsby introdu
ing another address 
alled a STAR address and a state variable 
alled abroad
ast request list. When a module re
eives a STAR request, he will servi
e thisrequest himself as well as request every slave on his broad
ast request list to servi
ethis request. If these broad
ast request lists are disjoint and their union 
overs allsubslaves, the request will rea
h every subslave and will traverse every link in thenetwork exa
tly on
e.We must be 
areful when we design replies to a STAR request. Our proto
olsimply that ea
h request should generate exa
tly one reply. Say a module B withmaster A and slave C re
eives a STAR request from A. Both B and C will servi
ethis request and generate replies. As the request originated from A, C's reply shouldrea
h A. However, B should also reply to A. As A 
an only re
eive one reply tohis request, B must inter
ept C's reply, pa
kage it with his own reply, and send this
ombined reply to C. To a

ommodate this situation, we introdu
e a new reply type
alled BROAD. When a module re
eives a STAR request, he servi
es the request,sends the request to all his slaves, waits for all the slaves to servi
e the request, andthen pa
kages all generated replies in the data �eld of a BROAD reply.38



3.2 TasksWithin the 
on�nes of this system, modules 
an 
oordinate to 
omplete tasks. Mas-ters have one routine per task that issues requests and handles 
orresponding replies.Slaves have a routine that servi
es requests. The request issuing and reply handlingroutines for a spe
i�
 task are implemented in a distributed algorithm 
alled a Pro-gram K (for histori
al reasons1). This algorithm 
an be thought of as a state ma
hine,performing a
tions in state transitions and relinquishing 
ontrol of the module afterevery state transition. The request servi
ing routine is implemented in a massiveswit
h statement with a 
ase for every plausible request. The module software runsthe request servi
ing routine and ea
h Program K sequentially in an in�nite loop.This design is highly 
exible and s
alable. To implement a new task, an engineersimply needs to write a Program K and add some 
ases to the request servi
ing rou-tine. So long as this new Program K relinquishes 
ontrol periodi
ally, implementsa stop state, and is not mali
ious, the system should 
ontinue to fun
tion healthily.For a Program K to relinquish 
ontrol periodi
ally, it just needs the a
tions in thetransitions to take �nite time and be autonomous. To implement a stop state, theProgram K needs to have a transition to a stop state whi
h be
omes possible peri-odi
ally. It is hard to guarantee a Program K is not mali
ious, for it is not 
learwhat 
onditions must hold for this to be true. Instead, we suggest a guideline thatmust be followed { the module must not violate the master proto
ol. For example, iftransitions to a state A issue requests, we 
an not allow any transitions from A to theSTOP state. If the master took su
h a transition, he would never noti
e the servi
ingof his request. As a link is only freed when a request is servi
ed, the 
orrespondinglink would remain busy inde�nitely.In general, distributed algorithms are diÆ
ult to de�ne and verify [9℄. As exam-1When Alexei Lebedev was si
k in the hospital with lung 
an
er, everyone thought he would die.But, thanks to some innovative treatment, he mira
ulously survived his devastating disease. Thedo
tors published the details of the 
ase in the prominent medi
al journals of the time. In orderto preserve the anonymity of the patient in these reports, they referred to him by the pseudonymPatient L. In honor of this tradition of se
re
y, we invented the term Program K to referen
e amember of the set of module tasks. 39



ples, we dis
uss two algorithms { system monitoring and event building { and verifythem informally.3.2.1 System MonitoringThe system monitoring task gives the ultimate master (i.e. the user) enough infor-mation to manually keep the system alive. Ea
h module 
ontains a status variableindi
ating the health of the module and the quality of the data it 
olle
ts. The sys-tem promises to always eventually alert the user about the health of ea
h module(sooner rather than later). Some ultimate position aware master module periodi
allyand sequentially request the status of ea
h module and report the result to the user.This periodi
 sequential requesting will a

omplish our stated goal, and it does sowith just a 
onstant load on the system. In 
ontrast, a periodi
 broad
ast request forstatus, although easier to implement, would 
ause surges in network traÆ
 slowingdown the more important task of event building.To implement system monitoring, we need to introdu
e some new variables andrequest types. The new variables help us 
ontrol the system monitoring task. Theboolean variable runStat, depending on its value, for
es the Program K state ma
hineto enter the START or STOP state. A list of modules, the monitor list, 
ontainsinformation regarding all this module's subslaves. For ea
h subslave on the list, themonitor list indi
ates whether this module should request status from that subslave.The monitor list sequentially enumerates those subslaves for whi
h this module shouldrequest status.To obtain the status information from the modules, we need a GET STATUSrequest (Figure 3-4). This request asks the module to reply with his status. Two otherrequests help the user 
ontrol the system monitoring program. The SET SYSMONrequest asks the module to start or stop the system monitoring task. The SETMONLIST request edits the module's monitor list.For every new request type, we must add a 
ase to the request servi
ing routineof the appropriate slaves. To servi
e a GET STATUS request, a slave sends a DATASTATUS reply with his status in the data �eld. To servi
e a SET SYSMON request,40
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Figure 3-6: System monitoring Program K state diagrama slave for
es his system monitoring Program K to enter the START or STOP statea

ording to the request by setting runStat to true or false respe
tively. The slavereplies with a DATA ALLOK reply. To servi
e a SET MONLIST request, a slavesets the state of his monitor list a

ording to the instru
tions in the data �eld of therequest and again responds with a DATA ALLOK reply.The system monitoring Program K has just three states { the SEND state (whi
his also the START state), the WAIT state, and the STOP state (Figure 3-6, Table 3.1).From the SEND state, the module requests the status of the next slave. From theWAIT state, the module waits for the request to be servi
ed and then transmitsthe reply to the user. From the STOP state, the module simply ends the systemmonitoring task.To argue 
orre
tness of this implementation, we must show that it a

omplishesthe goal of the system monitoring task while maintaining the 
onditions of a ProgramK. Clearly, unless the user for
es the system into the STOP state or empties themonitor list, he will always eventually re
eive status or a timeout from the modulesin the monitor list. In fa
t, he will have to wait at most one timeout length betweenstatus reports.We stipulated three 
onditions on Program K's: a Program K relinquishes 
ontrol41



Transition Pre� 
ondition A
tion=Post� 
onditionSEND ! WAIT runStat is set and monitor listis not empty send GET STATUS to nextslave in monitor list enumera-tionSEND ! SEND monitor list is empty noneSEND ! STOP runStat is not set noneWAIT ! SEND request was servi
ed inform user of replyWAIT ! WAIT request was not servi
ed noneSTOP ! SEND runStat is set set monitor list to request sta-tus of all subslavesSTOP ! STOP runStat is not set noneTable 3.1: System monitoring Program K transitionsperiodi
ally, implements a stop state, and is not mali
ious. The state transitions take�nite time, and we 
an relinquish 
ontrol after every transition while maintaining
orre
tness be
ause the a
tions of the transitions are autonomous. On
e the runStatvariable is set to false, we will eventually rea
h the STOP state. We will have towait at most the length of one timeout. Finally, our Program K appears to not bemali
ious for it does not violate the master proto
ol. We only send one request toea
h slave before re
eiving a reply, and there is no transition from the WAIT state tothe STOP state.In the a
tual DAQ system, the ultimate position aware master modules that willrun the system monitoring task are the MDCs. The user whi
h will view the systemmonitoring data are the s
ientists on ground. The MDCs send this data to ground inthe form of 
ower messages in a girlfriend-boyfriend relationship (see Se
tion 3.1.2).3.2.2 Event BuildingThe main purpose of the DAQ system is to build events from event fragments ina 
onsistent manner. In our distributed system model, event fragments are simplypie
es of information 
reated in some subset of m modules ffig. In the real DAQsystem, these modules are simply the FEEs. Ea
h module in this set 
reates fragmentsof event ej sequentially at varying rates. Say fi(ej) is the event fragment 
reated42
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Figure 3-7: Event buildingby module fi for event ej. The event building task is to 
olle
t the sets or eventsej = ff1(ej); : : : ; fm(ej)g in one single module and always eventually report these setsto the user. Furthermore, should some some fi be broken or unrea
hable, we wouldlike to report partial events without losing 
onsisten
y.We a

omplish this by having ea
h module request event subsets from its slavesin a �rst-in-�rst-out (FIFO) manner (Figure 3-7). In other words, if a module mhas slaves s1; : : : ; sn, then m 
olle
ts from its slaves a subset of event ej, m(ej) =[ni=1si(ej). If we arrange our dire
ted system graph in a tree stru
ture, at the rootnode r, r(ej) = ej. From this point on, we will refer to any subset of an event as anevent fragment.We must implement this task subje
t to low memory 
onstraints and unreliablemodules. In parti
ular, we assume ea
h module has a queue of �xed depth onto whi
hit 
an push any subset of an event. We 
all this storage the event queue. We alsohave storage for the event fragments 
urrently being 
olle
ted (the 
urrent event) anda list of slaves from whi
h to request events (the request list). The request list will bemaintained su
h that the slaves on the list are working and have 
onsistent queues.In addition, we need a timer (the event timer) to for
e us to not spend too mu
h time
olle
ting any single event. This will prevent a partially broken slave from hanging43



the system.To get events from slaves, we will need to 
reate a request for reading events. Thisrequest should 
ause the slave to return to the master the least re
ent event that themaster has not seen yet and delete the last event returned, and we name it the GETEVENTPOPPEEK request due to the FIFO queue implementation of event storage.In 
ase of errors, in order to maintain 
onsisten
y, we also need to 
reate a requestthat will 
ause the slave to return to the master the event he last returned. Wename this request the GET EVENTPEEK request. To implement both of these withminimal memory usage, we store the event that may need to be retransmitted on theevent queue. Upon a GET EVENTPOPPEEK request, a slave pops and then returnsthe peek of his event queue (noti
e this 
hanges the state of the slave, 
ontrary to our
laim about get requests). Upon a GET EVENTPEEK request, a slave just returnsthe peek of his event queue. Sometimes, the slave's queue may be empty. In these
ases, we have another reply, DATA NYETA, whi
h indi
ates no event is availablefor transmission.The event building Program K �rst asks all slaves for an event fragment. Thenit waits for some replies. It uses information 
oded in the event fragment to 
he
k
onsisten
y of the replies. If some slave returns an in
onsistent event or is broken (therequest generated a FAILURE ERROR reply), the Program K stops requesting eventfragments from that slave. For the slaves that reply DATA NYETA, the ProgramK asks for the event again. It 
ontinues in this manner until either all the slaves inthe request list have replied, or the event timer has expired. The Program K againmodi�es the request list to 
ontain just those slaves that replied with a 
onsistentevent fragment. In this way, 
onsisten
y of the event queues will not be violated bya slave that did not re
eive the event fragment before the event timer expired. Thenthe Program K waits for a free spot on the event queue, pushes the 
urrent eventonto the event queue, and begins again. Note the Program K must use the properrequest, GET EVENTPOPPEEK or GET EVENTPEEK, for ea
h event request.Should the Program K be requested to stop during this pro
ess, it must �rst
omplete the 
urrent event fragment. This will take at most the time of the event44



POST MAKE

STOP

WAITPUSH

Figure 3-8: Event building Program K state diagramtimer plus the time of a timeout. Then the Program K makes note of its 
urrent stateso that when it is restarted, it will perform the 
orre
t a
tion.To implement this Program K, we use �ve states { the POST state (whi
h isalso the START state), the MAKE state, the PUSH state, the WAIT state, and theSTOP state (Figure 3-8, Table 3.2). In the POST state, the module transmits theinitial event fragment requests. In the MAKE state, the module 
ollates the returnedevent fragments. In the PUSH state, the module stores the 
urrent event on the eventqueue. The WAIT state is used when the event timer expires before the event is built.In the WAIT state, the Program K waits for all pending requests to be servi
ed.The most 
hallenging aspe
t of the event building task is to maintain 
onsisten
yof events. We 
an informally argue that our implementation does in fa
t maintain
onsisten
y. We study just one master m and his set of n slaves fsig. Say slave sigenerates fragment si(ej) of event ej. We would like to prove the set of fragments onthe master's event queue are 
onsistent. That is, si(ej) is in the same set as sk(el) if45



Transition Pre� 
ondition A
tion=Post� 
onditionPOST ! MAKE request list is not empty andstopBuild is not set request event of all slaves in re-quest listPOST ! POST request list is empty and stop-Build is not set store appropriate request forea
h slave to maintain 
onsis-ten
yPOST ! STOP stopBuild is set noneMAKE ! PUSH all slaves in request list repliedwith event set request list to slaves thatreplied; store event fragmentsin 
urrent eventMAKE ! MAKE event timer did not expire andsome slave in request list hasnot replied with event re-request event from slaveswho have servi
ed last re-quest and have not returned anevent; store event fragments in
urrent eventMAKE ! WAIT event timer expired store event fragments in 
ur-rent eventWAIT ! PUSH all requests have been servi
ed set request list to slaves thatreplied with an event fragment;store event fragments in 
ur-rent eventWAIT ! WAIT some request has not been ser-vi
ed store event fragments in 
ur-rent eventPUSH ! POST there is room in event queueand stopBuild is not set push event onto event queuePUSH ! PUSH there is no room in event queuestopBuild is not set nonePUSH ! STOP stopBuild is set store appropriate request forea
h slave to maintain 
onsis-ten
ySTOP ! STOP stopBuild is set noneSTOP ! POST stopBuild is not set and laststate was POST noneSTOP ! PUSH stopBuild is not set and laststate was PUSH noneTable 3.2: Event building Program K transitions
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and only if j = l. We prove this by indu
tion, adding the stipulation that the slavesare mutually 
onsistent on
e event ej is built, that is when the Program K enters thePUSH state with the 
urrent event ej all slaves si in the request list have si(ej) inthe peek of the event queue.First 
onsider the situation in whi
h no event requests have been made. Forsimpli
ity, we assume all slaves are in the event request list and are fun
tioningnormally (i.e. re
eive events sequentially). Initially, every slave's queue is eitherempty or 
ontains a fragment of event e1. The master starts the event building taskin the POST state. He sends a GET EVENTPEEK request to every slave. Thenhe waits for replies in the MAKE state. For ea
h slave si, there are three possibleout
omes { a DATA EVENT reply, a DATA NYETA reply, or a timeout. If a slavereplies with an event fragment, the fragment will be si(e1) as the event queue isFIFO and events are re
eived sequentially. The peek of the event queue is si(e1) asrequired. If the slave replies with a DATA NYETA reply, the master will resend theGET EVENTPEEK request, and by the previous argument the indu
tive hypothesisstill holds if the slave eventually replies with an event. If the slave never replieswith an event (i.e. the event timer expired before the slave's event queue got �lled),then the slave is removed from the request list in the WAIT state and the indu
tivehypothesis holds. If there is a timeout, the master will remove si from his request listand again the indu
tive hypothesis holds. This shows that the �rst event is re
eived
onsistently by the time the master's event building program rea
hes the PUSH state.Suppose the master has re
eived all events up to event ej 
onsistently and theslaves are mutually 
onsistent. Now the master enters the POST state and sends aGET EVENTPOPPEEK request to every slave. This pops event fragment si(ej) o�ea
h slave's event queue and 
auses the slave to send the peek of the event queue. Asevents are re
eived sequentially, the peek of the event queue will either be si(ej+1) orempty. If the slave replies with an event fragment, it will be the 
orre
t event frag-ment, si(ej+1), and so part of event ej+1 has been re
eived 
onsistently. If the slavereplied with a DATA NYETA reply, the master sends the request GET EVENT-PEEK. As this situation is analogous to the one in the last paragraph, the same47



arguments apply to show that the rest of event ej+1 is re
eived 
onsistently.Noti
e on
e a slave is removed from the event requesting list, the event requestingprogram never puts him ba
k on the list. The reason for this is that the state of theslave is unknown and therefore may be in
onsistent with the other slaves. The onlyway for us to add a slave onto the event requesting list is to shut down the eventrequesting program, 
ush all event bu�ers, and restart.If we arrange our dire
ted system graph (restri
ted to modules in the event requestlists) in a tree stru
ture, all the event request lists will be mutually disjoint and allmodules will have a path to the root node. If we maintain su
h a stru
ture in ourdire
ted system graph, the above shows our event building task will eventually 
olle
tentire 
onsistent events in the root node. The root node 
an then return these eventsto the user as 
ower data in a girlfriend-boyfriend relationship (see Se
tion 3.1.2).This solution is parti
ularly ni
e be
ause we 
an modify the tree stru
ture toimprove performan
e or save resour
es. For example, in normal operation mode, forevery set of redundant modules (two modules are redundant if they have the sameset of slaves), only one 
olle
ts event fragments. However, to improve performan
e, itis possible to have all modules 
olle
t event fragments by modifying the request listof all modules appropriately.
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Chapter 4
DAQ System Simulation
In order to verify the logi
 of the system and develop algorithms for the system tasks,we have written a multi-pro
ess simulation 
alled NaZdravio (NZ). Na zdravio meansto your health in Russian, and indeed the main goal of NZ is to in
rease 
on�den
e inthe health of the AMS DAQ system. NZ also gives programmers a platform in whi
hto develop 
ode for the more 
omplex 
omponents of the AMS DAQ system su
h asthe MDC and the ground 
ontrol interfa
e [4℄.4.1 Software Do
umentationNZ spawns a separate pro
ess for ea
h DAQ module. These modules 
ommuni
ate toea
h other via an underlying network. The user intera
ts with the simulation througha spe
ial module whi
h represents the ground module. From the ground module, theuser 
an view the system monitoring data, wat
h the event stream, and 
ommandany module within the system.4.1.1 Software DesignNZ has an obje
t-oriented design [7℄. The basi
 
lass of obje
t in the DAQ systemis a module. This naturally leads to the de�nition of a Module 
lass. The Module
lass 
aptures the fun
tionality that is shared among all modules, and it 
ontains49



the main run loop of these modules. In the Module 
lass, there is 
ode for requestservi
ing as well as the 
ommon task of event building (shared by all modules ex
eptthe level one trigger and the FEEs). In addition, it 
ontains an instan
e of theCommuni
ator 
lass whi
h takes 
are of all intermodule 
ommuni
ation, an instan
eof the Event 
lass whi
h 
ontains event data, and an instan
e of the ReqRep 
lasswhi
h the pending requests dire
ted to this module. Classes representing spe
i�
types of DAQ modules extend the Module 
lass, adding their own fun
tionality. TheTDCMod 
lass, representing the TDCs, just 
reates an instan
e of a Module 
lass anddoes not add any fun
tionality. The TRIMod 
lass, representing the level one trigger,adds trigger 
reation and regulation fun
tionality. The FEEMod 
lass represents theFEEs and the IDCMod 
lass represents the IDCs (the masters of the FEEs). These
lasses add trigger response fun
tionality to the base Module 
lass. The MDCMod
lass represents the MDCs and adds the system monitoring task fun
tionality. Byhaving all modules extend the Module 
lass, we not only maximize 
ode reuse, butalso guarantee 
onsisten
y of module responses to standard requests.The ground module is dissimilar to the other modules. It has unlimited power andruns di�erent tasks. In addition, it is the only module with user input. Therefore,there is a 
lass, GUI, expli
itly designed to represent this ground module. Thereare many helper 
lasses used in the implementation of the GUI 
lass, most of whi
haid in the graphi
al user interfa
e 
omponent of the ground module. However, thereare two important 
lasses { the Command 
lass and the ModuleInfo 
lass. When auser attempts to 
ommand a module in the system, the Command 
lass builds therequest message ne
essary to 
arry out the user's 
ommand. The ModuleInfo 
lass
ontains all the information stored in the ground module 
on
erning ea
h other DAQmodule. This information in
ludes the general stru
ture of the system, (i.e. thedire
ted system graph), the 
urrent status of ea
h module, and essential informationabout ea
h module su
h as its address. Among other things, this 
lass addressesrequests built by the Command 
lass.The Communi
ator 
lass 
aptures the fun
tionality ne
essary for 
ommuni
ation {ports, links, and the master-slave and girlfriend-boyfriend proto
ols. Although in50



hardware the port-to-master and the port-to-slave are identi
al, 
on
eptually andfun
tionally they a
t di�erent. Messages transmitted on a port-to-slave are requestsand 
an generate timeouts whereas messages transmitted on a port-to-master arereplies and have no asso
iated timeout. Furthermore, a message re
eived on a port-to-master is a request while a message re
eived on a port-to-slave is a reply. As thesemessages are handled very di�erently, it makes sense to separate these two types ofports in our obje
t-oriented design. We 
reated Master, Slave, and Port 
lasses to aidin implementation of the Communi
ator 
lass. The Master 
lass a
tually representsa link and the dedi
ated port from this module to its master. The Slave 
lass justrepresents a link from this module to its slave. The Master and Slave 
lasses arean abstra
tion for message transmission and re
eption. The Port 
lass representsthe port this module uses to 
ommuni
ate to its slave. The Master and Port 
lassesare an abstra
tion that for
es message transmission and re
eption to 
onform to theAMSWIRE proto
ol. The Port 
lass also simulates the �xed number of ports-to-slaves in a given module for
ing our simulation module and the a
tual module havethe same message 
apa
ity per time unit for slave 
ommuni
ations.The Event 
lass pa
kages event data a

ording to the event stru
ture. For amodule with s slaves, the �rst �eld of the event is the event size, the se
ond �eldis the event number. The following s �elds re
ord the amount of data returned byea
h slave (0 if and only if the 
orresponding slave did not reply). The �nal �eld
ontains �rst the slave identi�
ation number and then the slave event fragment of allreplying slaves (appended in any order). The event 
lass simulates the �xed �nitemaximum size of events and adds data to events in a manner that 
onforms with theevent stru
ture.The ReqRep 
lass provides an abstra
tion for messages themselves. This 
lassa
tually 
ontains a request, information regarding whether the request has been ser-vi
ed, and, if the request has been servi
ed, the 
orresponding reply or timeout.Besides making the �elds of a message easy to a

ess and easing the 
onstru
tion of
ommon messages, this 
lass has the advantage of pa
kaging a request together withits reply. This greatly simpli�es reply passing within the module.51
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Figure 4-1: Is-a/has-a NZ relationship diagramThese are the main 
lasses of our program. There are several more 
lasses su
h asthe Table, Queue, and Prog K 
lasses. These will be dis
ussed when they are en
oun-tered in the implementation if ne
essary. The is-a and has-a relationship diagrams ofNZ are drawn without regard to these 
lasses (Figure 4-1).4.1.2 Software ImplementationNZ was implemented in C++ on Linux Redhat 6.2 and 
ompiled with g++ 
ompilerversion eg
s-2.91.66. The software simulates a Poisson distribution of events usinga random number generator. It mimi
s event suppression due to la
k of system re-sour
es through semaphoring. Unsuppressed events are triggered in the IDCs andFEEs by sending the 
orresponding pro
esses an interrupt. Intermodule 
ommuni
a-tion is normally simulated via pipes [12℄, although this 
an be easily substituted forany underlying network. The modules themselves are separate pro
esses forked from52



the initial pro
ess, the ground module, a

ording to the user 
on�guration.ReqRep ClassThe ReqRep 
lass provides an abstra
tion for messages. The message storage isimplemented via a pa
kage of pointers { one to a request and one to a pointer to areply. In this manner, we never need to spend time 
opying requests within a module.We 
an just point to them where they were 
reated, whether it be the re
eive bu�er ofa port-to-master or the module itself. Similarly, we don't need to spend time 
opyingreplies. We 
an just set the reply pointer to the reply, whether it be the re
eive bu�erof a port-to-slave or the module itself. This has the further advantage of making itvery easy to 
he
k when a request has been servi
ed. We just need to 
he
k whetherthe reply pointer is null.Module ClassThe Module 
lass (Figure 4-2) de�nes the 
ode shared by all DAQ modules. Pro-vided 
ode in
ludes the main running loop (run), the event building Program K(program buildEvent), and several default request servi
ing responses in a requestservi
ing routine (servi
e).The main running loop of the Module 
lass, run, is, by default, an in�nite loop(Figure 4-3). In every iteration of the loop, the Module 
lass asks the Communi
ator
lass to pass requests and re
eive replies. Then the Module 
lass attempts to servi
eany 
urrent requests. The Module 
lass may also 
hoose to run some Program Kstored in the Program K table. In the 
reation of the 
lass instan
e, the 
onstru
torinitializes this table to 
ontain fun
tion pointers to the Program K's run by thismodule. If there is more than one Program K in this table, the run loop exe
utesea
h of them, one per loop, in a round-robin fashion.The Module 
lass de�nes one Program K, the event building Program K. Asdes
ribed in Se
tion 3.2.2, the event building Program K is a �ve state ma
hine. TheProgram K fun
tion inputs the 
urrent state of the Program K state ma
hine. Aswit
h statement swit
hes on this input, jumping the Program K to the 
orre
t state.53



template<
lass T>
lass Module : publi
 EmptyMod{publi
:Module(...); // 
onstru
torvirtual void interrupt(int n); // interrupt handler// override to implement// desired interrupt behaviorvoid run(bool repeatedRun = false,int times = 0); // main running loopvoid pprint(); // pretty prints obje
t stateprote
ted:void program_buildEvent(); // event building program kvoid servi
e(ReqRep *r); // request servi
ing routine// override in sub
lass to// add fun
tionality// provided stateQueue< Event > eventQ; // queue of eventsTable< Prog_K<T> > KTable; // request issuing progsCommuni
ator 
omm; // slave 
ommuni
ations// event building statebool stopBuild; // whether to 
olle
t eventsint eventState; // 
urrent stage of event buildint *eventReqList; // slaves to be requestedEvent *
urEvent; // event being builtReqRep **q; // pointer to s getevent req/repprivate:void requestServi
ing(); // request servi
ing routine// 
alls sub
lass servi
eReqRep **mr; // request servi
ing stateint nSlaves; // num slaves of moduleint nMasters; // num masters of moduleT *ref; // ptr to derived instan
e}; Figure 4-2: Module 
lass de�nition54



while(TRUE) {k = KTable.nextElement();if (k && k->pri != 0) {(ref->*(k->prog))();}
omm.passRequests();
omm.re
eiveReplies();requestServi
ing(); // 
alls 
omm.re
eiveRequests} Figure 4-3: Module 
lass main run loopIn ea
h state, the event building Program K 
he
ks the 
urrent 
onditions, sets thestate variable to take the right transition upon re-entering the program, and takes thesuitable a
tions (if any) a

ording to Table 3.2. The implementation of most of thesea
tions is straightforward given the auxiliary variables of the event building ProgramK (Figure 4-2). The request list is implemented as an array of boolean variablesindexed by the identi�
ation numbers of the slaves. The boolean variable indi
atesmembership in the request list, and so membership testing takes 
onstant time. Therequests and reserved memory for in
oming replies are stored in an array of ReqReptypes also indexed by the identi�
ation numbers of the slaves. Initially, all requestsin this list are GET EVENTPEEK, and after ea
h reply, the request type is updatedas needed. When data is stored in the memory reserved for replies, the Program Kknows the request has been servi
ed and it pro
eeds to interpret the generated reply.The only 
omplex a
tion { interpreting replies { is simpli�ed by the ReqRep andEvent 
lass abstra
tions. When the event building Program K en
ounters a DATAEVENT reply, it uses the ReqRep 
lass to extra
t the data �eld of the reply andpasses this memory to the addData fun
tion of the Event 
lass. The Event 
lassappends the fragment, updating all event �elds appropriately, and returns the statusof the operation. Should the operation fail due to in
onsistent event numbers or ifthe request resulted in a timeout, the event building Program K adjusts the requestlist appropriately. If the reply was DATA NYETA, the Program K re-issues a GETEVENTPEEK request for that slave. 55



The request servi
ing routine servi
e provides default replies to some basi
 re-quests. The request servi
ing routine inputs a ReqRep type. Request servi
ing isimplemented as a swit
h statement whi
h swit
hes on the request name and type. Inthe 
ase of the swit
h statement, the routine builds a reply to the request and storesit in the 
orre
t memory lo
ation as indi
ated by the input. This routine 
an beover-ridden in a sub
lass should the sub
lass wish to add request types or 
hange thedefault behavior. In order to maximize 
ode reuse and maintain 
onsisten
y of repliesto spe
i�
 requests, we always default to this super
lass request servi
ing routine fromthe sub
lass request servi
ing routine (Figure 4-4). The request servi
ing routine iswrapped in a fun
tion requestServi
e whi
h sequentially servi
es ea
h master witha pending request and also 
alls the sub
lass servi
e routine (whi
h defaults to thesuper
lass servi
e routine if the routine is not over-ridden).The Module 
lass is implemented as a template. Classes whi
h inherit from theModule 
lass pass their own type to this template. The template variable in theModule 
lass is used to store a referen
e to the derived instan
e. This pointer allowsthe Module 
lass to 
all fun
tions in the derived 
lass. Five 
lasses extend the Module
lass. Ea
h 
lass represents a di�erent type of DAQ module and adds fun
tionalityspe
i�
 to that module. The TDCMod 
lass is the most simple extension. This 
lassrepresents the top CDDCs, i.e. those that are not immediate masters of FEEs. TheTDCMod 
lass adds no fun
tionality to the Module 
lass. The 
onstru
tor of theTDCMod 
lass just stores a pointer to the provided event building Program K in theProgram K table.The MDCMod 
lass represents the MDCs. It extends the Module 
lass in order toadd two new ProgramK's { the system monitoring ProgramK, program requestStatus,and the down-link Program K, program downLink. The system monitoring ProgramK works as dis
ussed in Se
tion 3.2.1. It is implemented with a swit
h statementin a manner similar to the event building Program K. The purpose of the down-linkProgram K is to pipe the stream of events entering the MDC to the ground module.In the real system, this down-link will be mu
h more 
ompli
ated and may happenin one of several ways. However, in our simulation, we simply send events to ground56



voidFEEMod::servi
e(ReqRep *r) {Reply *rep = NULL;rep = new Reply(ABORT_ERROR);swit
h ((r->Req)->b.dblo
k.
omm.name) {
ase GET:swit
h ((r->Req)->b.dblo
k.
omm.type) {
ase EVENTPOPPEEK:Module::servi
e(r); // build responseif (semSet < 0 &&eventQ.size() < EVENT_QUEUE_SIZE) {semSet++;}break;default: // default a
tionsModule::servi
e(r); // 
all super
lassbreak; // servi
e}break;default:Module::servi
e(r);break;}*(r->Rep) = rep; // store ptr to// generated reply} Figure 4-4: FEEMod request servi
ing routine
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in the form of 
owers a

ording to the girlfriend-boyfriend relationship. Spe
i�
ally,there are just two states, STOP and SEND. In the SEND state, if the event queueis not empty, the Program K pops the event queue, builds a DATA EVENT reply,and asks the Communi
ator 
lass instan
e to send the reply to ground in the form of
ower data.Due to 
ode lega
y, the one DAQ module represented by a 
lass that does notextend the Module 
lass is the fast trigger module, and it is represented by theFASTMod 
lass. This 
lass is responsible for triggering events when the system isready to re
eive them (i.e. when all FEEs have room in their event queues for anotherevent). For this purpose, the FASTMod 
lass uses a 
ombination of semaphoring andinterrupts. The semaphore is set by the other modules when they are unable tore
eive events. The FASTMod runs an in�nite loop. In ea
h loop, it waits for arandom amount of time to simulate the Poisson distribution, and then waits for thesemaphore to indi
ate the system is ready. When the semaphore rea
hes its initialvalue, the FASTMod 
lass informs the level one trigger that an event has happened bysending a SIGUSR1 interrupt signal to the pro
ess representing the level one trigger.The TRIMod 
lass represents the level one trigger. The purpose of this mod-ule is to run some rudimentary event suppression algorithms and inform the IDCsof all unsuppressed events. We do not simulate event suppression in the level onetrigger. However, we simulate event triggering by sending interrupts. The TRIMod
lass extends the Module 
lass, overriding the Module 
lass interrupt handler andadding fun
tionality to the request servi
ing routine. Upon a SIGUSR1 interrupt,the interrupt handler of the TRIMod 
lass sets the semaphore and sends a SIGUSR1interrupt to all pro
esses representing IDCs. Then the TRIMod 
reates an eventfragment. As the TRIMod does not 
olle
t data, its event fragment 
onsists solelyof logisti
al data su
h as the 
urrent value of the event 
ounter. Finally, the TRI-Mod releases the semaphore only if this new event did not �ll the TRIMod's eventqueue. As the interrupt routine sets the semaphore and does not ne
essarily releaseit, we need to modify the response to a GET EVENTPOPPEEK request by writinga request servi
ing routine in the TRIMod sub
lass. Spe
i�
ally, if the event queue58



was full and the semaphore was set and not released by this pro
ess, upon a GETEVENTPOPPEEK request this pro
ess should release the semaphore, indi
ating itnow has the resour
es to re
eive more events.The IDCs are represented by the IDCMod 
lass. These modules are the masters ofthe FEE modules and are responsible for informing their FEE slaves of event triggers.As before, we a

omplish this task through the use of interrupts. Again, this 
lassextends the Module 
lass and overrides the interrupt handler. As IDCs do not 
reateevent fragments, there is no need for the IDCMod to use the semaphore. Instead,upon a SIGUSR1 interrupt, the IDCMod interrupt handler just sends this interruptto every FEE slave.The FEEs are represented by the FEEMod 
lass. In the DAQ system, the FEEsare responsible for reading and digitizing data from the dete
tors and 
ompressingdata. The FEEs are prompted to read data by event triggers from their masters. Theyalso must maintain an output signal whi
h indi
ates if they have enough resour
es toread another event. These tasks are 
arried out in the simulation through interrupts,semaphores, and a realisti
 data generation routine. The FEEMod 
lass extends theModule 
lass, overriding the interrupt routine. Upon an interrupt, the FEEMod 
lasssets the semaphore and 
alls the dataGen routine to generate an event fragment. Itthen pushes this event fragment onto its event queue and releases the semaphore onlyif the queue is not full. As in the 
ase of the TRIMod 
lass, the FEEMod 
lass setsthe semaphore in the interrupt routine and does not ne
essarily release it. Therefore,the FEEMod 
lass must override the servi
e routine, 
hanging the response to aGET EVENTPOPPEEK request. Spe
i�
ally, if the event queue was full and thesemaphore was set and not released by this pro
ess, upon a GET EVENTPOPPEEKrequest this pro
ess should release the semaphore, indi
ating it now has the resour
esto re
eive more events.The FEE event fragments are generated by the dataGen routine. This routinegenerates random event data with a user-adjustable size. The routine inputs a mode {normal, perfe
t, or empty. This mode regulates the size of the event fragment. Perfe
tevent fragments have a �xed size; empty event fragments have zero size. Normal event59



fragments more 
losely simulate the real system. The size of a normal event fragmentis variable, and thus 
an be too large for our system to handle. That is, at some pointin the event building pro
ess, a normal event fragment may not �t in an event queue.Su
h an event is 
alled a long event and 
an be indi
ative of dete
tor failure. Thenormal mode of the dataGen routine allows us to study how to handle long events.Long events are 
agged, trun
ated, and pro
essed like error-free events. In this way,long events do not break the DAQ system. However, in order to alert the user of theerror, the o

urren
e of a long event is marked in the status of the module in whi
hthe long event o

urred.Communi
ator ClassThe Communi
ator 
lass (Figure 4-5) is an abstra
tion that deals with all intermodule
ommuni
ation. It is responsible for re
eiving requests from this module or one ofits masters and passing the requests to the appropriate slave or the module itself(re
eiveRequests). The Communi
ator 
lass must also a
tually transmit requests tothe slaves subje
t to port and link availability (transmitRequests). There are similarresponsibilities in regards to replies. The Communi
ator 
lass must re
eive repliesfrom the slaves (re
eiveReplies) or this module and transmits them, if ne
essary, tothe right master (transmitReplies). All these responsibilities must be implementedin a way that obeys the master-slave relationship.To re
eive and pass requests, the re
eiveRequests fun
tion 
he
ks ea
h master'sre
eive port sequentially for a request. If a request has been re
eived, a ReqRepinstan
e is 
reated with pointers to the port-to-master's re
eive and transmit bu�ers.The fun
tion swit
hes on the address �eld of the request. If the request was destinedfor this module, a pointer to the ReqRep instan
e is stored in a Module 
lass variablewhere the request will eventually be servi
ed by the Module 
lass's requestServi
ingroutine. If the request was destined for a slave, the re
eiveRequests fun
tion uses thepostRequest routine to post the ReqRep instan
e to the 
orre
t slave. Otherwise, ifthe request was a STAR request, re
eiveRequests reserves memory for all the expe
tedreplies and uses this memory to 
reate a ReqRep instan
e for ea
h slave and the60




lass Communi
ator {publi
:Communi
ator(...);void re
eiveRequests(ReqRep **);void transmitRequests();void re
eiveReplies();void transmitReplies();void postRequest(int, ReqRep *, bool = true);void sendFlowers(int, Reply *);void pprint();private:Table< Slave > *slaves; // list of slavesTable< Port > *ports; // list of portsTable< Master > *masters; // list of mastersReqRep **broad; // broad
ast requestsReqRep *pendingBroad; // master's broad
ast requestaddress myAddr; // module's own address}; Figure 4-5: Communi
ator 
lass de�nitionmodule itself. It also stores the initial ReqRep instan
e in a 
lass variable 
alledpendingBroad. It then posts ea
h ReqRep instan
e to the appropriate slave and tothe module itself. The reply handling routines will wrap these replies into a BROADreply and write the BROAD reply to the memory indi
ated by the ReqRep instan
estored in the pendingBroad variableThe Communi
ator 
lass must be 
areful to obey the master proto
ol in themaster-slave relationship to transmit requests. If a module has m masters and k(non-mali
ious) Program K's, as many as (m + k) requests may be generated for agiven slave at the same time. A

ording to the master-slave relationship, this modulemust send these requests to the slave one at a time, and it should do so in a fair or-der. To a

omplish this, the Communi
ator 
lass implements an (m+ k)-sized FIFOqueue of ReqRep instan
es for ea
h slave. The postRequest fun
tion simply pushesthe input ReqRep instan
e onto the queue of the appropriate slave.The transmitRequests fun
tion a
tually transmits requests by simulating 
on-61



ne
ting a free port to a free link of a slave with a non-empty request queue. ThetransmitRequests fun
tion walks the ports and 
he
ks if they are free (i.e. they arenot 
urrently waiting for a reply or timeout from a transmitted request). When a freeport is found, the fun
tion walks the slaves in a round-robin fashion looking for a freeslave (i.e. a slave without a pending request) that has a non-empty request queue.Then the fun
tion pops the request queue of the slave and transmits the request onthat slave's link using the free port. The fun
tion 
ontinues in this manner until ithas 
he
ked all the ports.Reply re
eption and passing is implemented in the re
eiveReplies fun
tion. Thisfun
tion walks all the ports and asks ea
h port to re
eive data. Be
ause the ReqRepinstan
e is passed to the port upon request transmission, if a reply is re
eived, theport's re
eption fun
tion will automati
ally write the reply to the right lo
ation.However, if there is a pending STAR request, re
eiveReplies must attempt to 
orrelatethe 
orresponding replies. Barring a timeout, if all replies for this STAR request havebeen re
eived the fun
tion will 
reate a BROAD reply and store this reply in thelo
ation indi
ated by the ReqRep instan
e stored in the pendingBroad variable.The transmitReplies fun
tion implements reply transmission by 
he
king the trans-mit bu�er of ea
h port-to-master. It initializes transmission if there is a valid requestin the re
eive bu�er and data in the transmit bu�er. Then it 
lears these bu�ers tomake the port ready for the next request. The transmitReplies fun
tion 
he
ks thevalidity of the request in the re
eive bu�er in order to adhere to the slave proto
olin the master-slave relationship. Thus, this fun
tion 
an not be fooled into sendinga reply when there is no pending request. Therefore, this fun
tion 
an not be usedimplement the boyfriend proto
ol in the girlfriend-boyfriend relationship. For thisproto
ol, we must introdu
e a new fun
tion, sendFlowers, whi
h inputs 
ower dataand a port-to-master and transmits the 
owers on the given port no matter what thestatus of the transmit and re
eive bu�ers are. In order to ensure sendFlowers will notoverwrite a reply to a pending request, transmitReplies is a private fun
tion of theCommuni
ator 
lass and is 
alled by re
eiveReplies.Now, to implement 
ommuni
ation, a module just needs to 
all the transmitRe-62



quests and re
eiveReplies fun
tions of its Communi
ation 
lass instan
e 
omm fromits main running loop. This 
ompletes the pi
ture of the Module 
lass run loop(Figure 4-3).The fun
tions of the Communi
ation 
lass take 
are of 
ommuni
ation at a highlevel. The network level 
ommuni
ation is implemented with three helper 
lasses { theMaster 
lass, the Slave 
lass, and the Port 
lass. Be
ause of this abstra
tion, we 
an
hange the underlying network of the simulation by only 
hanging the Master, Slave,and Port 
lasses. The Master 
lass and the Slave 
lass are the 
lasses that a
tuallyinitiate transmission and re
eption. In the 
urrent implementation, these 
lassestransmit and re
eive via pipes in Linux. The transmit and re
eive fun
tions in these
lasses ensure that the pipes a
t identi
ally to the AMSWIRE proto
ol in the realsystem. The Master 
lass also implements a fun
tion that 
he
ks if a re
eived requestis valid. In the real system, the module will perform this 
he
k by reading the statusof the port. The status will 
laim the request is invalid if it has been overwritten. Inthe 
urrent simulation, we 
he
k if a re
eived request is not overwritten by reading thepipe and returning true if and only if there is nothing in the pipe. The Slave 
lass, inaddition to transmitting and re
eiving messages, maintains the slave's request queueand keeps tra
k of whether the slave is busy. The third of these 
lasses, the Port 
lass,models the �xed number of ports to slaves of a module and implements timeouts.GUIThe GUI 
lass implements the graphi
al user interfa
e (Figure 4-6). We wrote itusing the Trolte
h pa
kage Qt. The Qt do
umentation [14℄ explains the 
on
eptsne
essary to understand the GUI 
lass. The interfa
e assumes the dire
ted systemgraph is a tree. To begin the simulation, press the Start button. This will spawnall the pro
esses representing ea
h module. The modules will be listed under theirparents in the view box on the left. Sele
ting a module 
auses the last status updatefrom that module to appear in the view box on the right. It also allows a user to
ommand that module by 
li
king on the Send Command button. To start and stopevent building, 
li
k Start Build and Stop Build respe
tively. When events are being63



Figure 4-6: NZ graphi
al user interfa
ebuilt, the event stream is visible in the text label at the top of the s
reen. A histogramof the event stream also appears. The histogram represents the number of events andnumber of event bytes per time unit.4.2 Simulation AnalysisThe NZ implementation 
losely mimi
s the real DAQ system. However, there aresome de�
ien
ies. One major problem with the simulation is that the pro
esses are notreally run in parallel as there is only one pro
essor in our ma
hine. The pro
esses area
tually run sequentially in an order determined by the task manager. Unfortunately,it is very diÆ
ult to 
ontrol this task manager. One resulting disadvantage is that itis impossible to use this simulation to analyze timing issues. Another disadvantageis that the task manager 
an stop a pro
ess at any point in the 
ode. This makesit impossible to guarantee a segment of 
ode will be autonomous. While this is nota problem for most of our 
ode, it 
an 
ause errors in the semaphoring. Finally, asthe task manager determines the order in whi
h it runs the pro
esses, we are unableto determine the order in whi
h messages are transmitted and re
eived. Therefore64



a 
omplete logi
al analysis of the DAQ system design is not possible with the NZsimulation.Still, the NZ simulation helps us develop and study the DAQ system. The simu-lation was written 
on
urrently with the design development and helped lead us tomany design de
isions. Through the simulation, we noti
ed the need for a girlfriend-boyfriend relationship. Also, the simulation led us to the 
urrent de�nition of theProgram K as a state ma
hine that relinquishes 
ontrol with ea
h transition. Fur-thermore, the spe
i�
 Program K's for the event building and system monitoring taskwere designed in 
onjun
tion with NZ. Beyond a�e
ting the design of the system, NZhas given us 
on�den
e in the logi
 of the system. We have been able to test er-ror 
onditions su
h as long events and failed slaves, and we have seen the systemsu

essfully handle these 
onditions and inform the user.As promised, NZ has enabled us to develop 
ode for the DAQ system in advan
eof the system itself. In fa
t, the simulation 
ode for the MDC module 
an be di-re
tly ported to the a
tual MDC module. It implements event requesting, systemmonitoring, and the 
ore master-slave 
ommuni
ation fun
tionality. Programmers
an easily augment this 
ode to in
lude additional fun
tionality not needed for thesimulation. We have substantiated this 
laim by testing the MDC module 
ode witha
tual ports implementing AMSWIRE. Spe
i�
ally, we performed an experiment inwhi
h the MDC and ground modules ran on one 
omputer. All the other modulesran on another 
omputer. These 
omputers were 
onne
ted via AMSWIRE ports.The exa
t same 
onne
tion will exist between the MDC and its slaves in the realDAQ system. To perform this experiment, we only needed to 
hange the underlyingnetwork between the MDC and its slaves. Therefore, we only needed to 
hange theSlave and Port 
lasses in the MDC 
ode and the Master 
lass in the TDC 
ode. Thismodi�ed 
ode performed exa
tly like the simulation in all tests. This experiment alsoshowed that NZ 
an be a useful tool for debugging the hardware.
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Chapter 5
Dis
ussion and future work
We have proposed and simulated a distributed data a
quisition system for the alphamagneti
 spe
trometer experiment. This system is 
exible enough to handle all rea-sonable s
enarios whi
h 
on
ern us. We survive multiple failure modes in
luding theloss of modules and the loss transmission 
apabilities. We have managed to designthis system with reasonable eÆ
ien
y and low memory 
onstraints. The system isappropriately general, allowing it to perform all ne
essary tasks. Furthermore, thesystem is easily s
alable, providing no inherent limits on the number of 
omponents.The system design proposed in this thesis provides the basi
 outline of the de-sign for the 
ight DAQ. It de�nes a layered 
ommuni
ation ar
hite
ture betweensystem 
omponents. Several appli
ation level algorithms have been proposed. Thesealgorithms implement the important tasks of event building and system monitoring.Through thorough theoreti
al and experimental analysis, we have veri�ed the logi
 ofthis design. Furthermore, we have provided a simple yet powerful way to extend thisdesign without violating the system logi
. So long as these extensions obey simplyrules, our system will 
ontinue to fun
tion properly. Thus, with modular additions,our design 
an perform new tasks unforeseen at the time of this thesis.The simulation framework produ
ed in this thesis is meant to serve as a frameworkfor the 
ight DAQ software and hardware. Additional algorithms 
an be implementedand tested within this framework. Many existing algorithms 
an be dire
tly portedto the 
ight software. Prototype hardware 
an be substituted in the simulation and67



be tested with meaningful algorithms and mo
k data rather than simple loop-ba
ktests. The prototype AMSWIRE ports have already been tested in this manner. Thesimulation framework also provides a powerful tool for testing a
tual 
ight system
omponents. Future tests may substitute entire modules (hardware and software) forthe simulation pro
esses. In this way, engineers 
an verify that prototype modulesbehave appropriately within the system in advan
e of the entire system.There is still a lot of future work to be done. From an experimental point of view,our simulation is in
omplete. Several details of the a
tual system are not representedin our simulation. Perhaps the most signi�
ant fa
tor we ignore in the simulationis multiple masters. A simple analysis shows that our system logi
 is sound in the
ase of multiple masters. However, we have not simulated this situation. To simulatemultiple masters, the system initialization routine must be 
hanged and the simulationinterfa
e should be redesigned to display a multiple master view. Another signi�
antlimitation of the 
urrent simulation is that it does not truly simulate parallelism. Asall pro
esses are run on a single 
omputer, their instru
tions are interleaved and runin serial. With appropriate operating system interfa
e modi�
ations, the simulation
an be run with ea
h pro
ess on a separate 
omputer.From a theoreti
al system design perspe
tive, the simulation is not a 
onvin
ingargument that the system design is 
orre
t. Further work must be done to prove 
or-re
tness of the system design. One possible approa
h would be to model this systemusing some formal methods su
h as temporal logi
 of a
tions [8℄. The system itselfis des
ribed by a mathemati
al language as a state ma
hine along with all plausiblestate transitions. The tasks, or goals, of event building and system monitoring 
anbe formally stated. Then, given the system model, an automated theorem prover 
antest all s
enarios and produ
e a proof of 
orre
tness.Even with a sound proof, this model must be implemented on the a
tual 
ighthardware. It is not at all a simple task to ensure that the implementation mat
hesthe theoreti
al model. The true test will be in O
tober 2003, the laun
h date of AMS.
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