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Abstract

The Alpha Magnetic Sp ectrometer (AMS) exp erimen t will searc h for and study an ti-

matter, dark matter, and cosmic ra ys from the In ternational Space Station (ISS). The

exp erimen t consists of sev eral arra ys of sub detectors designed to record necessary

data autonomously . The data acquisition system (D A Q) is a distributed system

of pro cessors of mo dest p o w er whic h collect, correlate, and transmit the massiv e

amoun ts of data pro duced b y the sub detectors. In addition, the D A Q p ermits prop er

main tenance of the k ey AMS comp onen ts. In order to design and test this complex

distributed system, a sim ulation w as written whic h closely mimics the D A Q. This

pro ject co v ers the dev elopmen t of the D A Q system design and the sim ulation testb ed.
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Chapter 1

In tro duction

The Alpha Magnetic Sp ectrometer (AMS) is a particle ph ysics exp erimen t that will

study high energy cosmic particles from ab oard the In ternational Space Station (ISS).

This exp erimen t promises unpreceden ted sensitivit y due to its lo cation b ey ond the

Earth's in terfering atmosphere. Armed with the high-precision AMS data, AMS

seeks to �nd exp erimen tal evidence of theoretically predicted but as y et unobserv ed

phenomena.

Ph ysicist P aul A.M. Dirac asserted in his Nob el Lecture of Decem b er 12, 1933 [6]

that, at the b eginning of the univ erse, the amoun t of matter and an ti-matter w as

equal. Y et, the galaxy in whic h w e liv e app ears to consist en tirely of matter. In

supp ort of his symmetry assertion, Dirac further conjectured in his Nob el Lecture

that the univ erse con tains an ti-matter galaxies.

If they exist, an ti-matter galaxies w ould follo w the same ph ysical la ws as the w ell-

understo o d matter galaxies. In particular, cosmologists exp ect an ti-matter galaxies

to include an ti-sup erno v ae. These an ti-sup erno v ae pro duce an ti-elemen ts suc h as

an ti-carb on just as sup erno v ae pro duce elemen ts. F or ev ery billion an ti-elemen ts

exp elled b y an explo ding an ti-sup erno v a, one migh t escap e the an ti-galaxy from whic h

it originated and w ander in to our o wn galaxy .

Un til no w, attempts to detect these w a yw ard an ti-elemen ts ha v e b een unsuccessful.

A ma jor reason for the failure of some of these exp erimen ts is that they are lo cated on

Earth. An ti-matter en tering Earth's atmosphere is lik ely to annihilate with matter
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b efore reac hing the surface of the Earth. Other exp erimen ts ha v e b een 
o wn via

ballo ons to the upp er reac hes of the atmosphere. Ho w ev er, the duration of a ballo on


igh t is only 40 or 50 hours making it unlik ely that an an ti-particle will b e observ ed.

Some exp erimen ts ha v e also b een 
o wn on satellites, but due to budget constrain ts

they w ere to o small to b e successful.

AMS aims to circum v en t these obstacles b y orbiting AMS around Earth on the ISS

for three y ears. F rom this privileged p osition, AMS will gather detailed data ab out the

man y high energy particles whic h constan tly barrel through space. Through careful

analysis of the prop erties of eac h particle, w e hop e to �nd one of the elusiv e cosmically-

originating an ti-particles. A disco v ery of this sort w ould b e a ma jor breakthrough in

ph ysics. It w ould lend credibilit y to curren t theories of the Big Bang and supp ort the

widely accepted Grand Uni�ed Theory whic h predict a symmetric univ erse.

1.1 Exp erimen tal Setup

The most imp ortan t mission of AMS is to detect an ti-matter. In order to ac hiev e this

goal, AMS w arps the paths of particles with a large magnetic �eld. The c harge of the

particle determines the direction of its tra jectory through the magnetic �eld. Since

protons ha v e p ositiv e c harge whereas an ti-protons ha v e negativ e c harge, matter and

an ti-matter will follo w di�eren t tra jectories through the magnetic �eld.

In order to detect and iden tify high energy particles, the AMS detector has a series

of sub detectors whic h measure the energy and p osition of a particle (Figure 1-1). The

ring-imaging Cerenk o v detector (RICH), transition radiation detector (TRD), and the

electromagnetic calorimeter (ECAL) utilize v arious ph ysical pro cesses to determine

the energy of a particle [2 ]. Eac h sub detector is optimized for a particular energy

range. The p osition of a particle is measured b y the trac k ers. A strong magnet

pro duces a uniform magnetic �eld with parallel �eld lines across the sub detectors.

As a particle passes through the system, it hits the sub detectors and pro duces a

signal. The trac k ers can lo cate this signal to within 10 microns (10 � 10

� 6

meters),

and the other sub detectors can determine its energy to within a few p ercen t. By

16



com bining data from all the sub detectors, w e can reconstruct the path of a particle

through the magnetic �eld and its energy .

Ho w ev er, this is not enough information to distinguish matter from an ti-matter.

In order to determine the direction in whic h the magnetic �eld w arp ed the particle's

path, w e m ust kno w whic h trac k er { the top trac k er or the b ottom trac k er { a particle

encoun ters �rst. This requires a notion of time. Time of 
igh t detectors (T oF) are

in tro duced for this purp ose. The T oFs sandwic h the trac k ers and record to within

100 ps when a particle passes through them. Assuming the particle is tra v eling at the

sp eed of ligh t, it will tak e the particle appro ximately 3000 ps to tra v erse the detector.

Therefore, the time measuremen ts of the T oFs along with the information from the

trac k ers completely determine the tra jectory of the particle.

F rom the data gathered b y the sub detectors, w e can conclude the v elo cit y , mo-

men tum, energy , and c harge of the particle. This information will allo w us to answ er

questions ab out the existence of an ti-matter, the t yp e of an ti-matter, and the in ter-

galactic propagation of an ti-matter.

1.2 Data Acquisition

W e exp ect around 3x10

3

particles to b om bard the detector eac h second. Of these,

appro ximately 100 particles p er second can b e recorded. Eac h sub detector has series

of c hannels that lo cate the p osition of the particle within the sub detector. There are

man y c hannels and ev ery c hannel m ust b e recorded (T able 1.1). Corresp ondingly , the

sub detectors will pro duce data at 2 megabits p er second. The D A Q is resp onsible

for collecting, correlating, and transmitting this massiv e amoun t of data within the

bandwidth constrain t.

Ev ery time a particle passes through AMS, all sub detectors pro duce data concern-

ing that particle. Collectiv ely this data is kno wn as an event . Ev en t data propagates

through the D A Q system and gets pac k aged in to an event message . The main pur-

p ose of the D A Q system is to guaran tee consistency and completeness of these ev en t

messages sub ject to lo w p o w er, data corruption, and unreliable links.
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Figure 1-1: AMS detector
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S ubdetector N ame N umber of C hannel s

T rac k er 140,000

T oF 200

RICH 16,000

TRD 6,000

ECAL 2500

T able 1.1: Num b er of c hannels p er sub detector

T o accomplish this task, around 400 computers are arranged in a tree structure

(Figure 1-2). The D A Q tree consists of four t yp es of lev els. A t the ro ot of the tree are

the main data concen trator (MDC) computers. The MDCs in terface with the con trols

on ground, pro viding the main link to the D A Q system. The in termediary no des of

the tree are the command distributor and data concen trator (CDDC) computers.

These computers collect and transmit data to the ro ot of the tree as w ell as pass

commands to w ards the lea v es of the tree. The top la y er of CDDCs are called the

top data concen trator (TDC) computers. Belo w the TDCs, the immediate paren ts

of the lea v es of the tree are the in termediary data concen trator (IDC) computers.

IDCs share all the resp onsibilities of the TDCs and additionally prompt the lea v es

of the tree to read ev en t data from the sub detectors. The lea v es of the tree are the

fron t end computers (FEE). They are connected directly to the sub detectors and are

resp onsible for recording and digitizing detector data. In addition to this tree of

computers, there are t w o auxiliary units whic h aid in the timing and sync hronization

of data collection. The fast trigger (F AST) examines the T oFs and sends a signal

whenev er the T oFs indicate that a particle has passed from one to the other taking

at least 3 nanoseconds. The lev el one trigger (TRI), receiv es the F AST signal, selects

whic h particles to record, and initiates data recording. All computers m ust ha v e

redundancy for safet y and system main tenance purp oses.

Users in teract with the D A Q system via a system of computers on the ground.

All messages transmitted from the MDC to the ground are stored in a bu�er. A

graphical user in terface accesses this bu�er and displa ys p ertinen t information to the

user. This in terface is also capable of transmitting commands from the user bac k to
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FEEs IDCs TDCs MDCsDetector ground

Figure 1-2: D A Q system diagram

the MDC.

1.3 Summary

The D A Q system is large, complex, and essen tial to the success of the AMS mission.

The system m ust b e designed as a whole with all comp onen ts designed in parallel.

Hardw are limitations m ust b e analyzed when designing the soft w are; soft w are re-

quiremen ts m ust b e considered when designing the hardw are. Ev ery comp onen t of

the system from the custom-built hardw are to the design and implemen tation of the

soft w are m ust b e thoroughly tested exp erimen tally and v eri�ed b y logical reasoning.

Th us it is necessary to design and test the D A Q soft w are b efore the existence of the

D A Q hardw are.

This pap er discusses the soft w are design and preliminary tests made in adv ance

of the hardw are. Our results include an exp erimen tally sound set of algorithms that

ac hiev e system goals sub ject to engineering concerns. W e test our soft w are design in

absence of the hardw are b y writing normal and error-condition soft w are sim ulations.

The algorithmic correctness of the system is substan tiated via informal distributed

systems argumen ts. As a b y-pro duct of our sim ulation study , w e ha v e pro duced

some highly reusable co de b oth for the 
igh t v ersion of the MDC and for the ground

20



in terface to the D A Q system. W e demonstrate the p erformance of this co de when

used in conjunction with protot yp e hardw are.

Chapter 2 dev elops a more concrete notion of D A Q system and engineering con-

strain ts. Chapter 3 discusses the o v erall D A Q system design prop osed b y this pro ject

and pro vides an informal argumen t as for its correctness. Chapter 4 explains in de-

tail the sim ulation soft w are and test results and presen ts the reusable parts of the

sim ulation soft w are.
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Chapter 2

D A Q System Ov erview

The D A Q system is designed to rep ort particle data as measured b y the AMS de-

tectors. These particle tra jectories, or events , are recorded in thousands of disjoin t

fragmen ts. Eac h c hannel of eac h sub detector pro duces a fragmen t for ev ery ev en t.

The ev en t fragmen ts are collated b y the D A Q system to pro duce complete and co-

heren t event messages . By complete w e mean a message for ev en t E should con tain

all fragmen ts corresp onding to E , and b y coheren t w e mean the message should

con tain no fragmen ts not corresp onding to E . The D A Q system m ust reliably and

autonomously rep ort these ev en t messages.

When w e require that the system b e reliable, w e mean that it should b e able to

collect data ev en in the presence of certain temp orary and p erhaps p ermanen t failures

of individual comp onen ts. Ho w ev er, w e do not require the system to correct failures

autonomously . T o implemen t user-in terv en tion fault-tolerance, w e require the system

b e self-monitoring: the system should monitor its o wn status and p erio dically rep ort

this status to the user. F urthermore, the system should b e able to resp ond to user

commands. Allo w ed commands include those that c hange the state of an y system

comp onen t (e.g. user ma y request a computer to p o w er do wn or load new soft w are)

as w ell as those that observ e the state of system comp onen ts (e.g. user ma y request

a rep ort of the curren t memory con ten t or temp erature of a pro cessor).

When w e sa y the system should b e autonomous, w e mean that complete and co-

heren t ev en t messages corresp onding to \in teresting" particles should b e pro duced

23



particle

Happy scientist

DAQ system

FAST & TRI

Nobel prize

detector

Figure 2-1: Creation of an ev en t message

b y the system without h uman in terv en tion. There are sev eral steps in this pro cess.

First, the hardw are m ust b e able to detect ev en ts. Then, as there are to o man y ev en ts

to record them all, a com bination of hardw are and soft w are m ust suppress some of

the less in teresting ev en ts. When an ev en t is detected and not suppressed, the corre-

sp onding data m ust b e read from the sub detectors and digitized. The digitized ev en t

data m ust b e collated in to a single complete and coheren t ev en t message. Finally , the

system m ust rep ort ev en t messages to the user for later analysis.

T o illustrate these tasks, w e w ork through an imaginary scenario (Figure 2-1).

Supp ose an an ti-proton p h urtles through our detector. First the hardw are detects p .

The hardw are and soft w are triggers notice that this ev en t is probably one of in terest

as the transit time of the particle across the T oF is 2900 nanoseconds. If the D A Q

system is not at capacit y , the triggers request that D A Q system read the ev en t data

from the sub detectors. Then the D A Q system collects all these fragmen ts and stores

them in a single ev en t message. The message is stored either within the D A Q system

or on b oard ISS un til there is an opp ortunit y to send the ev en t to ground where some

happ y scien tist analyzes the data and wins the Nob el prize.
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2.1 Constrain ts

Ev en though this system ma y seem complicated to implemen t on Earth, it is m uc h

harder in space. There are man y constrain ts imp osed on our system due to its space

en vironmen t. Stringen t p o w er constrain ts, high bit error rate, and unreliable ISS-

Earth comm unication c hannels all m ust b e seriously considered in our design. These

constrain ts imply our soft w are should ha v e lo w memory requiremen ts, high data cor-

ruption tolerance, and e�cien t use of the ISS-Earth net w ork link.

There are man y other di�culties with electronics in space suc h as lo w w eigh t

constrain ts and a large op erativ e temp erature range. Ho w ev er, as they do not a�ect

the design of the soft w are m uc h, w e will not discuss them here.

2.1.1 Lo w P o w er

As ISS is solar-p o w ered, the energy resources are v ery scarce. Ev en with its 26 ; 000

square feet of solar panels, the theoretical maxim um system p o w er output of ISS is

83 kilo w atts [10]. That is enough electricit y to p o w er only ab out 200 homes. This

limited p o w er m ust b e shared b y all the systems ab oard the station, the astronaut

life supp ort system, AMS, and man y others. ISS has pro vided AMS with a p o w er

budget of just 2 kilo w att. Of this, w e ha v e decided to allo cate 200 w atts, or ab out

2 ligh t bulbs w orth of p o w er, to the D A Q system. If the system dra ws more p o w er

than that, a circuit break er will sh ut the system do wn. In order to accommo date this

lo w p o w er budget, w e ha v e c hosen simple computers with limited memory resources.

2.1.2 Data Corruption

In space, data stored in memory has a high rate of corruption. Bac kground radiation,

cosmic ra ys, solar 
ares, plasmas, gasses, and \micro-particles" pro duce hea vy ions

that constan tly b om bard AMS. When these particles collide with transistors in our

computers' memory cells, they ha v e the p o w er to destro y units or 
ip bits of memory .

Our system m ust b e robust in this en vironmen t. W e in tro duce redundancy in to k ey

comp onen ts to protect against destruction. W e use protection circuits to prolong
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the lifetime of eac h comp onen t and impro v e the qualit y of stored data. Still, w e can

not guaran tee data will b e error-free, so w e in tro duce error detection and correction

soft w are to help reduce the probabilit y of corrupted data. F urthermore, w e design

our proto cols to w ork in the presence of lost and corrupted messages.

2.1.3 Unreliable Links

The links b et w een ISS and earth are sp oradic, unreliable, and ha v e limited bandwidth.

Man y vital ISS systems suc h as the high-de�nition television system used for press

in terviews m ust share these links. Exp erimen ts on-b oard ISS suc h as AMS m ust

also use these links to rep ort data to ground and receiv e commands from ground.

NASA has allo cated AMS an a v erage data transmission rate of around 2 megabits

p er second. The a v erage ev en t data output of AMS will b e ab out 2 megabits p er

second with a p eek a v erage of 4 megabits p er second. W e ha v e designed our proto cols

to minimize usage of this link. T o reliably collect ev en ts in suc h an en vironmen t, w e

remo v e dep endence on the ISS-Earth link. W e ha v e a computer, AMS crew op erations

(A COP), on-b oard ISS whic h duplicates all the vital commanding capabilities of the

ground in terface. In addition, A COP has in terc hangeable disks with enough storage

to record data for a mon th autonomously . If the ISS-Earth link b ecomes p ermanen tly

una v ailable to AMS, data can b e stored on these disks and transp orted to Earth via

sh uttle. This scenario is highly unlik ely; more probably , the ISS-Earth link will

exp erience long p erio ds of do wn time. In suc h situations, the MDCs can store data

in their 2 gigab yte SDRAM bu�er storage. This storage is large enough to store data

without transmission for up to t w o hours after whic h the link will hop efully b ecome

a v ailable again.

2.2 Arc hitecture

W e ha v e designed a D A Q arc hitecture whic h, together with the proto cols and pro-

grams describ ed in Chapter 3, ac hiev es the goals w e ha v e outlined sub ject to the

constrain ts from Section 2.1. The prop osed D A Q system consists of a tree of comput-
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ers, or mo dules, with quadruple redundancy . Eac h mo dule is a v ery limited device

consisting of a pro cessor, limited read-only memory (R OM) for b o ot co de, limited

random access memory (RAM) for data storage, 
ash memory for program storage,

and gate arra y logic (GLA) to con trol memory and device access. Eac h mo dule is

also equipp ed with some n um b er of p orts for comm unication.

The mo dules are arranged in a tree-lik e structure where the no des are redundan t

(Figure 1-2). The main data concen trator (MDC) mo dules pro vide the main link

from AMS to the con trollers on ground. The command distributor and data concen-

trator (CDDC) mo dules distribute commands and collect data. The fron t-end (FEE)

mo dules read and digitize ev en t data from the detector.

A t the ro ot of the tree lie the main D A Q computer (MDC) mo dules. These

mo dules pro vide the main link b et w een the ground and the D A Q tree. The MDCs are

also b oth the ultimate masters of the D A Q tree and the ultimate space destination

of ev en t messages. This mak es the MDCs resp onsible for system monitoring and

storage of collected data. Therefore, the MDCs ha v e signi�can tly more p o w er than

other mo dules. F rom the soft w are design p ersp ectiv e, they ha v e essen tially unlimited

memory (CompactPCI 6U b oard pro viding 2 gigab ytes of RAM bu�er storage) and

pro cessing sp eed (CompactPCI 6U single b oard computer based on the P o w erPC 750

c hip set at 400 MHz).

The in termediate mo dules of the tree are the command distributor data concen-

trator (CDDC) mo dules. These mo dules pro vide command distribution do wn the

tree as w ell as ev en t data collection up the tree. Because of the nature of the pro-

to cols and p orts whic h w e will discuss later, CDDCs m ust ha v e a dedicated p ort for

ev ery comm unication link to a paren t in the tree. Ho w ev er, CDDCs ha v e a �xed

n um b er of p orts for comm unicating with their c hildren, and eac h of these p orts can

comm unicate with an y c hild.

The fron t-end D A Q (FEE) mo dules pro vide digitization and data compression/reduction

for the detector's sensors. They are lo cated at the lea v es of the tree and connected to

the detectors. When a particle passes through the detectors, a triggering mec hanism

prompts the FEE to start data readout and digitization. It is p ossible that some
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FEE is busy and unable to read data when a particle passes through the detectors.

In order to guaran tee ev en t coherency , it is imp ortan t to k eep the FEEs sync hronized.

A FEE should only record data if ev ery FEE can record data. F or this purp ose, the

FEEs emit a busy signal when they are unable to record data. These signals are

OR'd and inhibit the trigger. T o further aid in coherency , eac h FEE has an ev en t

coun ter. Ev ery time a FEE records data, he incremen ts his ev en t coun ter. The high

lev el proto col can then c hec k coherency of an ev en t b y reading the ev en t coun ters

asso ciated with that ev en t. Lik e ev ery mo dule, FEEs use p orts to comm unicate with

other mo dules. A FEE has a dedicated p ort for ev ery comm unication link.

The mo dules comm unicate with eac h other via a series of p orts called the AM-

SWIRE p orts whic h allo w for instan taneous transmission and reception. The p ort has

t w o dedicated bu�ers for transmission and reception. The p ort will rep ort o v erwritten

data, un�nished data, and �nished data. The p ort mak es no attempt to prev en t data

from b eing o v erwritten { this is the resp onsibilit y of the top lev el proto col designer.

The AMSWIRE p orts guaran tee that data written to the transmit bu�er will b e

transmitted. Data read from the receiv e bu�er ma y b e o v erwritten or just partially

receiv ed. The AMSWIRE p ort pro vides a status register to rep ort the status of the

receiv ed data.
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Chapter 3

D A Q System Design

The D A Q is a distributed system. The basic building blo c ks of this system are the

single pro cessor computers or mo dules discussed in c hapter 2. Mo dules comm unicate

to eac h other via p orts and links. P orts are simply the hardw are used for comm unica-

tion, and eac h mo dule has a �xed n um b er of these. Links are the wires that connect

mo dules, and so there is one link for ev ery pair of connected mo dules. T o comm uni-

cate with a neigh b oring mo dule, a mo dule selects a p ort, connects that p ort to the

appropriate link, and then initiates the transmission (Figure 3-1). Most mo dules in

this system ha v e limited memory , and so w e imp ose a constrain t that the comm uni-

cation proto cols require a small �xed amoun t of memory . F urthermore, unless the

mo dule has ample memory (i.e. represen ts ground or an MDC), the mo dule should

only b e lo cally a w are of his surroundings, or equiv alen tly , from the state of a mo dule,

w e should only b e able to deriv e the immediate neigh b ors of the mo dule.

The D A Q system design de�nes the basic structure of in termo dule relationships,

or ho w mo dules comm unicate with eac h other. Comm unication in the D A Q system

has a la y ered arc hitecture design [3 , 15, 13]. Eac h la y er accomplishes a set of functions

and is transparen t to other la y ers. There are three la y ers. The ph ysical la y er is the

AMSWIRE proto col [4 ] resp onsible for transmission and reception of actual b ytes of

data. The data link la y er captures the proto cols mo dules use to exc hange messages

(Section 3.1). The application la y er de�nes the sequence of messages deplo y ed to

accomplish the high-lev el tasks of the D A Q system (Section 3.2).
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Figure 3-1: P orts and links

3.1 Relationships

The data link la y er comm unication b et w een mo dules adheres to one of t w o sets of

proto cols, the master-slave r elationship or the girlfriend-b oyfriend r elationship . The

master-sla v e relationship optimizes comm unication in the case of fast, reliable links

b et w een mo dules of lo w memory . The girlfriend-b o yfriend relationship optimizes

comm unication in the case of slo w, unreliable links b et w een mo dules of mo derately

high memory .

3.1.1 Masters and Sla v es

Mo dules are arranged in a master-sla v e hierarc h y . This system is represen ted b y a

directed graph whic h ma y ev olv e with time (Figure 3-2). Eac h no de is a mo dule.

Eac h arro w is a master-sla v e relationship dra wn from the master mo dule to the sla v e

mo dule. Notice if there is a path from A to D in the directed system graph, then A

can command D b y appropriately commanding the in termediary mo dules ( B or C in

the example in the �gure). In this case w e call D a subsla v e of A . As sho wn in the

�gure, a master ma y ha v e m ultiple sla v es and a sla v e ma y ha v e m ultiple masters. In

fact, w e use this generalization in the D A Q system in order to implemen t redundancy .
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Ho w ev er, in this study w e concen trate on the case when sla v es ha v e just one master

although all algorithms presen ted extended to the general case.

In general, w e w ould lik e the master mo dule to ha v e complete con trol o v er the

sla v e mo dule. The sla v e mo dule, on the other hand, should only in teract with the

master mo dule when his service is requested. This means ev ery piece of transmitted

information needs t w o messages, one from the master mo dule to the sla v e mo dule

requesting a service and one from the sla v e mo dule to the master mo dule servicing

the request. This simple mo del of comm unication is ideal for our purp oses. It is easy

to implemen t and requires minimal memory . In particular, there is no need to queue

messages, and there is no need to store them for retransmission.

More sp eci�cally , w e de�ne master and sla v e proto cols. T o state these proto cols,

w e in tro duce some de�nitions.

� request : A message from a master to a sla v e
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� reply : A message from a sla v e to a master

� handle : A reply is considered hand le d when it is sen t (sla v e)/receiv ed (master)

� service : A request is considered servic e d when the reply it generated has b een

handled

No w w e can de�ne the proto cols.

� Master proto col The master promises to pass a request to a sla v e only after

the previous request to that sla v e has b een serviced.

� Sla v e proto col The sla v e promises to generate a reply only in resp onse to the

most recen t request in the sla v e's view, and only if that request is unserviced.

Actually , these proto cols are not strong enough for us. The main problem is that

messages that are sen t are not necessarily receiv ed. Although in fact it is highly

unlik ely that a sen t message will b e simply lost in transmission, it is quite p ossible

that a message gets corrupted in memory causing the mo dule to en ter a state in whic h

he assumes he nev er receiv ed that message. This allo ws for t w o probable scenarios

whic h will cause in�nite dela y in the system. In one scenario, the sla v e sends a reply

whic h the master nev er receiv es. In the other scenario, the master sends a request

whic h the sla v e nev er receiv es. F or example, sa y a master sends a sla v e a request and

after the sla v e receiv es the request, some external e�ect suc h as a latc h-up corrupts

the sla v e's memory . As this memory corruption sends the sla v e in to an undetermined

state, it is p ossible that the sla v e will no longer realize there is a p ending request. The

master, according to the proto col, should w ait inde�nitely for the sla v e to reply . Y et

the sla v e will not reply as he p erceiv es no p ending request. The sla v e (or at least that

master-sla v e link) will b e inaccessible forev er more ev en though the sla v e is health y .

Although it is nev er p ossible to completely adv ert an attac k from a malicious

mo dule with un b ounded p o w er, w e can try to a v oid some plausible error scenarios

lik e the one describ ed ab o v e. T o accomplish this, w e in tro duce the notion of a time out .

A time out is an in tra-mo dule alarm signal that the master can set when he mak es a
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Figure 3-3: Comm unication errors

request to his sla v e. If the sla v e do es not resp ond b efore the alarm go es o�, the master

considers his request as serviced and con tin ues with the proto col. More formally , w e

need to mo dify our de�nition of servic e .

� service : A request is considered servic e d when the reply it generated has b een

handled or it has caused a timeout

There are still some problems with our proto cols. The problems stem from our

de�nitions of hand le and servic e . As a sla v e is nev er informed of a timeout in his

master, it is conceiv able that some request has b een serviced in the master's view

but not in the sla v e's view. This could cause a request to b e serviced t wice in the

master's view (Figure 3-3). Similarly , as sen t messages are not necessarily receiv ed,

it is conceiv able that some reply has b een handled (and th us the request has b een

serviced) in the sla v e's view but not in the master's view. This could cause a request

to nev er b e serviced in the master's view (Figure 3-3).

There are v arious w a ys to deal with the problems of loss, reordering, and duplica-

tion of messages. A common approac h is to in tro duce unique iden ti�cation tags for

ev ery message. Ho w ev er, this approac h adds additional memory requiremen ts and

complexit y . Simple proto cols usually assume messages ha v e un b ounded length [11].

Bounded-message length proto cols are highly complex [1]. In fact, it can b e sho wn
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that there are no \e�cien t" proto cols that tolerate loss and reordering in the com-

m unication [1].

Luc kily , our situation is less complex. In particular, w e need to tolerate loss, but

not reordering or duplication of messages. Our solution is to ignore these problems.

In fact, these problems are not v ery probable if w e c ho ose our design and parameters

w ell. If a sla v e thinks a request has b een handled and the master do es not, this

request will cause a timeout in the master and the master ma y decide to reissue the

request. If w e design our request issuing routines with this scenario in mind (i.e. a

timeout do es not imply the sla v e did not p erform the actions in the request), w e can

assure ourselv es that this problem will not harm us. W e can also a v oid the situation

in whic h a master thinks a request has b een handled and the sla v e do es not. W e

just need to pic k the timeout constan t large enough to guaran tee that a reply from a

health y sla v e will b e receiv ed b efore the alarm go es o�.

3.1.2 Girlfriends and Bo yfriends

The master-sla v e relationship w orks v ery w ell if the connection from the master to

the sla v e is fast and reliable. Ho w ev er, in our D A Q system, the link from the ulti-

mate master, ground, to her immediate sla v es, the MDCs, had large dela y and do wn

time. F urthermore, ground has virtually in�nite resources, making the stringen t re-

quiremen ts go v erning the design of the master-sla v e relationship unnecessary in this

case.

There is some information, suc h as the system status, that m ust b e constan tly

up dated in the ground mo dule. Ho w ev er, this information resides in the MDCs. If the

ground-MDC relationship w as a strict master-sla v e relationship, the ground w ould

ha v e to request this information of the MDCs regularly , w asting half the precious

bandwidth with a predictable request.

W e a v oid this problem b y de�ning a girlfriend-b o yfriend relationship in whic h the

MDCs simply send certain pre-determined information, called 
o w ers, to the ground.

The girlfriend (ground) do esn't request the 
o w ers but the b o yfriend (MDC) sends

them an yw a y . All con v ersations initiated b y the girlfriend w ork according to the
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master-sla v e relationship with the girlfriend as the master, and the girlfriend do esn't

consider 
o w ers as an appropriate reply to an y of her requests, although she do es

exp ect them.

The girlfriend's implemen tation of a girlfriend-b o yfriend relationship is simple.

As b o yfriends send 
o w ers at unpredictable momen ts, the girlfriend just needs to

implemen t a queue for b o yfriend messages. Then the girlfriend can pro cess all the

messages in the queue sequen tially { it do es not matter if the message is a 
o w er

or a reply . The b o yfriend's implemen tation of a girlfriend-b o yfriend relationship is

straigh tforw ard as w ell. The b o yfriend just runs some routines that collect and send

the girlfriend 
o w ers p erio dically . W e will see an example of this in Section 3.2.1.

3.1.3 Messages

Messages m ust conform to a particular format in order for our system to in terpret

them. There are t w o basic parts to an y message { the header and the data. The

header is of �xed length and con tains vital information concerning the t yp e of message

and p erhaps some error c hec king bits. The data is of v ariable length and con tains

ev erything else, that is, the essen tials of what is b eing comm unicated.

The format of a message is dep enden t on whether it is a request or a reply .

Requests come in t w o basic 
a v ors { those that c hange the state of the sla v e and

those that do not. W e refer to these requests as set and get requests resp ectiv ely . The

header of a request indicates whether it is a set or get request in the name �eld. The

header also indicates the t yp e of request and the length of the request. The name

and t yp e �elds help a sla v e determine the appropriate resp onse. The length �eld tells

the sla v e ho w m uc h information to read from the data �eld and is necessitated b y the

implemen tation of the underlying comm unication p orts. The data �eld of a request

is v ery general and can b e designed to con tain an ything. T ypically , the data �eld of a

get request migh t con tain additional information ab out what state the master w an ts

the sla v e to read. The data �eld of a set request migh t con tain the information the

master w an ts the sla v e to write.

So far, w e ha v e only discussed direct comm unication b et w een t w o mo dules, and for

35



Name Type Address Length Data

Header

GET STATUS 0.0.0.1 8 bytes

Figure 3-4: Example request

this case the ab o v e description of a request header is su�cien t. In general, though, a

master ma y w an t to command a subsla v e. F or example, sa y a p osition a w are mo dule

A is a master of mo dule B and mo dule B is a master of mo dule D (Figure 3-2). That

is, D is a subsla v e of A . Then our design enables A to command D b y requesting

B to send a particular request to D . This pro cess can b e view ed as t w o separate

direct comm unications. Ho w ev er, to ease implemen tation and impro v e e�ciency , it

w ould help to in tro duce an addressing sc heme and allo w A to use B as a kind of

router for D . T o implemen t this solution, w e add an address �eld to the request

header. B considers the address �eld when servicing requests and handling replies.

A stores the address of D and ev ery other subsla v e he ma y wish to command in his

memory . Notice this address �eld is only useful if there are p osition a w are mo dules

in our system, and these p osition a w are mo dules can only use this �eld to address

their subsla v es.

As an example of a request, consider the case in whic h a master w an ts to kno w

the status of a sla v e. T o do this, the master should send the sla v e a GET ST A TUS

request (Figure 3-4).

There is still a small problem with our solution. Sa y in the ab o v e example D is

dead. Then the request to D will generate a timeout in B . After this timeout, B will

send a reply to A . In order to a v oid ha ving A 's request serviced t wice, A 's timeout

m ust b e longer than B 's timeout. But then a mo dule can deriv e information ab out
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his p osition from the length of his timeout. W e can �x this problem b y ha ving the

timeout parameter b e a function of the message, but this adds a barely used �eld

to our message format. What w e actually do is force B to suppress his reply if he

exp eriences a timeout. Then A 's request will b e serviced just once. But this causes

another problem. As w e insist all requests ha v e the same timeout length, and as A

starts his alarm b efore B , A will exp erience a timeout signal b efore B . Th us, A 's

request will b e serviced in A 's view and not in B 's view. No w A ma y send B a second

request, violating the master proto col in B 's view. In our analysis, w e do not address

this problem, but w e recommend the �nal implemen tation adopt a solution where

eac h mo dule has a di�eren t timeout length. As our actual system has just four lev els

of masters and sla v es, this v aried timeout length do es not cause additional memory

requiremen ts.

In general, replies are m uc h simpler than requests. A reply is only ev er generated

in resp onse to the most recen t request. Therefore, a master alw a ys kno ws what an

incoming reply should con tain and where it originated. In essence, the only necessary

header �eld is the length �eld. Ho w ev er, our implemen tation retains the name and

t yp e �elds in the reply header in order to aid the master in in terpreting the reply . W e

use three reply names, F AILURE, ABOR T, and D A T A. The F AILURE name is used

to indicate that the sla v e w as incapable of servicing the master request due to some

error in the sla v e. The ABOR T name is used to indicate the sla v e did not understand

the master request (p erhaps it got corrupted in transmission). The D A T A name is

used to indicate ev erything else. The t yp e �eld v aries dep ending on the reply and

request. The ERR OR t yp e is alw a ys used in conjunction with the F AILURE and

ABOR T names. A common t yp e is the ALLOK t yp e (Figure 3-5). This t yp e is

t ypically generated in resp onse to a set request.

It is conceiv able that a master ma y w an t to mak e the same request of all his sla v es

and subsla v es at one time (i.e. br o adc ast a request). A master can accomplish this

b y sending a request to ev ery subsla v e if he uses the appropriate addressing sc heme.

Although this ma y seem lik e a reasonable solution, there are t w o ma jor problems

with it. First, it assumes an y mo dule that w an ts to broadcast a request is p osition
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Length Data

ALLOK
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DATA
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Figure 3-5: Example reply

a w are. Second, it generates a lot of tra�c on the net w ork. W e solv e these problems

b y in tro ducing another address called a ST AR address and a state v ariable called a

broadcast request list. When a mo dule receiv es a ST AR request, he will service this

request himself as w ell as request ev ery sla v e on his broadcast request list to service

this request. If these broadcast request lists are disjoin t and their union co v ers all

subsla v es, the request will reac h ev ery subsla v e and will tra v erse ev ery link in the

net w ork exactly once.

W e m ust b e careful when w e design replies to a ST AR request. Our proto cols

imply that eac h request should generate exactly one reply . Sa y a mo dule B with

master A and sla v e C receiv es a ST AR request from A . Both B and C will service

this request and generate replies. As the request originated from A , C 's reply should

reac h A . Ho w ev er, B should also reply to A . As A can only receiv e one reply to

his request, B m ust in tercept C 's reply , pac k age it with his o wn reply , and send this

com bined reply to C . T o accommo date this situation, w e in tro duce a new reply t yp e

called BR O AD. When a mo dule receiv es a ST AR request, he services the request,

sends the request to all his sla v es, w aits for all the sla v es to service the request, and

then pac k ages all generated replies in the data �eld of a BR O AD reply .
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3.2 T asks

Within the con�nes of this system, mo dules can co ordinate to complete tasks. Mas-

ters ha v e one routine p er task that issues requests and handles corresp onding replies.

Sla v es ha v e a routine that services requests. The request issuing and reply handling

routines for a sp eci�c task are implemen ted in a distributed algorithm called a Pr o-

gr am K (for historical reasons

1

). This algorithm can b e though t of as a state mac hine,

p erforming actions in state transitions and relinquishing con trol of the mo dule after

ev ery state transition. The request servicing routine is implemen ted in a massiv e

switc h statemen t with a case for ev ery plausible request. The mo dule soft w are runs

the request servicing routine and eac h Program K sequen tially in an in�nite lo op.

This design is highly 
exible and scalable. T o implemen t a new task, an engineer

simply needs to write a Program K and add some cases to the request servicing rou-

tine. So long as this new Program K relinquishes con trol p erio dically , implemen ts

a stop state, and is not malicious, the system should con tin ue to function healthily .

F or a Program K to relinquish con trol p erio dically , it just needs the actions in the

transitions to tak e �nite time and b e autonomous. T o implemen t a stop state, the

Program K needs to ha v e a transition to a stop state whic h b ecomes p ossible p eri-

o dically . It is hard to guaran tee a Program K is not malicious, for it is not clear

what conditions m ust hold for this to b e true. Instead, w e suggest a guideline that

m ust b e follo w ed { the mo dule m ust not violate the master proto col. F or example, if

transitions to a state A issue requests, w e can not allo w an y transitions from A to the

STOP state. If the master to ok suc h a transition, he w ould nev er notice the servicing

of his request. As a link is only freed when a request is serviced, the corresp onding

link w ould remain busy inde�nitely .

In general, distributed algorithms are di�cult to de�ne and v erify [9]. As exam-

1

When Alexei Leb edev w as sic k in the hospital with lung cancer, ev ery one though t he w ould die.

But, thanks to some inno v ativ e treatmen t, he miraculously surviv ed his dev astating disease. The

do ctors published the details of the case in the prominen t medical journals of the time. In order

to preserv e the anon ymit y of the patien t in these rep orts, they referred to him b y the pseudon ym

P atien t L. In honor of this tradition of secrecy , w e in v en ted the term Program K to reference a

mem b er of the set of mo dule tasks.
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ples, w e discuss t w o algorithms { system monitoring and ev en t building { and v erify

them informally .

3.2.1 System Monitoring

The system monitoring task giv es the ultimate master (i.e. the user) enough infor-

mation to man ually k eep the system aliv e. Eac h mo dule con tains a status v ariable

indicating the health of the mo dule and the qualit y of the data it collects. The sys-

tem promises to alw a ys ev en tually alert the user ab out the health of eac h mo dule

(so oner rather than later). Some ultimate p osition a w are master mo dule p erio dically

and sequen tially request the status of eac h mo dule and rep ort the result to the user.

This p erio dic sequen tial requesting will accomplish our stated goal, and it do es so

with just a constan t load on the system. In con trast, a p erio dic broadcast request for

status, although easier to implemen t, w ould cause surges in net w ork tra�c slo wing

do wn the more imp ortan t task of ev en t building.

T o implemen t system monitoring, w e need to in tro duce some new v ariables and

request t yp es. The new v ariables help us con trol the system monitoring task. The

b o olean v ariable runStat, dep ending on its v alue, forces the Program K state mac hine

to en ter the ST AR T or STOP state. A list of mo dules, the monitor list, con tains

information regarding all this mo dule's subsla v es. F or eac h subsla v e on the list, the

monitor list indicates whether this mo dule should request status from that subsla v e.

The monitor list sequen tially en umerates those subsla v es for whic h this mo dule should

request status.

T o obtain the status information from the mo dules, w e need a GET ST A TUS

request (Figure 3-4). This request asks the mo dule to reply with his status. Tw o other

requests help the user con trol the system monitoring program. The SET SYSMON

request asks the mo dule to start or stop the system monitoring task. The SET

MONLIST request edits the mo dule's monitor list.

F or ev ery new request t yp e, w e m ust add a case to the request servicing routine

of the appropriate sla v es. T o service a GET ST A TUS request, a sla v e sends a D A T A

ST A TUS reply with his status in the data �eld. T o service a SET SYSMON request,
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SEND

STOP

WAIT

Figure 3-6: System monitoring Program K state diagram

a sla v e forces his system monitoring Program K to en ter the ST AR T or STOP state

according to the request b y setting runStat to true or false resp ectiv ely . The sla v e

replies with a D A T A ALLOK reply . T o service a SET MONLIST request, a sla v e

sets the state of his monitor list according to the instructions in the data �eld of the

request and again resp onds with a D A T A ALLOK reply .

The system monitoring Program K has just three states { the SEND state (whic h

is also the ST AR T state), the W AIT state, and the STOP state (Figure 3-6, T able 3.1).

F rom the SEND state, the mo dule requests the status of the next sla v e. F rom the

W AIT state, the mo dule w aits for the request to b e serviced and then transmits

the reply to the user. F rom the STOP state, the mo dule simply ends the system

monitoring task.

T o argue correctness of this implemen tation, w e m ust sho w that it accomplishes

the goal of the system monitoring task while main taining the conditions of a Program

K. Clearly , unless the user forces the system in to the STOP state or empties the

monitor list, he will alw a ys ev en tually receiv e status or a timeout from the mo dules

in the monitor list. In fact, he will ha v e to w ait at most one timeout length b et w een

status rep orts.

W e stipulated three conditions on Program K's: a Program K relinquishes con trol
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T r ansition P r e � condition Action=P ost � condition

SEND ! W AIT runStat is set and monitor list

is not empt y

send GET ST A TUS to next

sla v e in monitor list en umera-

tion

SEND ! SEND monitor list is empt y none

SEND ! STOP runStat is not set none

W AIT ! SEND request w as serviced inform user of reply

W AIT ! W AIT request w as not serviced none

STOP ! SEND runStat is set set monitor list to request sta-

tus of all subsla v es

STOP ! STOP runStat is not set none

T able 3.1: System monitoring Program K transitions

p erio dically , implemen ts a stop state, and is not malicious. The state transitions tak e

�nite time, and w e can relinquish con trol after ev ery transition while main taining

correctness b ecause the actions of the transitions are autonomous. Once the runStat

v ariable is set to false, w e will ev en tually reac h the STOP state. W e will ha v e to

w ait at most the length of one timeout. Finally , our Program K app ears to not b e

malicious for it do es not violate the master proto col. W e only send one request to

eac h sla v e b efore receiving a reply , and there is no transition from the W AIT state to

the STOP state.

In the actual D A Q system, the ultimate p osition a w are master mo dules that will

run the system monitoring task are the MDCs. The user whic h will view the system

monitoring data are the scien tists on ground. The MDCs send this data to ground in

the form of 
o w er messages in a girlfriend-b o yfriend relationship (see Section 3.1.2).

3.2.2 Ev en t Building

The main purp ose of the D A Q system is to build ev en ts from ev en t fragmen ts in

a consisten t manner. In our distributed system mo del, ev en t fragmen ts are simply

pieces of information created in some subset of m mo dules f f

i

g . In the real D A Q

system, these mo dules are simply the FEEs. Eac h mo dule in this set creates fragmen ts

of ev en t e

j

sequen tially at v arying rates. Sa y f

i

( e

j

) is the ev en t fragmen t created
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f1 f2 f3 f4 f5 f6

s1 s2

m1

f7 f8 f9 f10 f11 f12

s3 s4

m2

r

FEEs

IDCs

TDCs

MDC

s4(e) = {f10, f11, f12}

m2(e) = {f7, f8, f9, f10, f11, f12}

r(e) = {f1, f2, f3, f4, f5, f6, f7, f8, f9, f10, f11, f12}

Figure 3-7: Ev en t building

b y mo dule f

i

for ev en t e

j

. The ev en t building task is to collect the sets or ev en ts

e

j

= f f

1

( e

j

) ; : : : ; f

m

( e

j

) g in one single mo dule and alw a ys ev en tually rep ort these sets

to the user. F urthermore, should some some f

i

b e brok en or unreac hable, w e w ould

lik e to rep ort partial ev en ts without losing consistency .

W e accomplish this b y ha ving eac h mo dule request ev en t subsets from its sla v es

in a �rst-in-�rst-out (FIF O) manner (Figure 3-7). In other w ords, if a mo dule m

has sla v es s

1

; : : : ; s

n

, then m collects from its sla v es a subset of ev en t e

j

, m ( e

j

) =

[

n

i =1

s

i

( e

j

). If w e arrange our directed system graph in a tree structure, at the ro ot

no de r , r ( e

j

) = e

j

. F rom this p oin t on, w e will refer to an y subset of an ev en t as an

ev en t fragmen t.

W e m ust implemen t this task sub ject to lo w memory constrain ts and unreliable

mo dules. In particular, w e assume eac h mo dule has a queue of �xed depth on to whic h

it can push an y subset of an ev en t. W e call this storage the event queue . W e also

ha v e storage for the ev en t fragmen ts curren tly b eing collected (the curr ent event ) and

a list of sla v es from whic h to request ev en ts (the r e quest list ). The request list will b e

main tained suc h that the sla v es on the list are w orking and ha v e consisten t queues.

In addition, w e need a timer (the event timer ) to force us to not sp end to o m uc h time

collecting an y single ev en t. This will prev en t a partially brok en sla v e from hanging
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the system.

T o get ev en ts from sla v es, w e will need to create a request for reading ev en ts. This

request should cause the sla v e to return to the master the least recen t ev en t that the

master has not seen y et and delete the last ev en t returned, and w e name it the GET

EVENTPOPPEEK request due to the FIF O queue implemen tation of ev en t storage.

In case of errors, in order to main tain consistency , w e also need to create a request

that will cause the sla v e to return to the master the ev en t he last returned. W e

name this request the GET EVENTPEEK request. T o implemen t b oth of these with

minimal memory usage, w e store the ev en t that ma y need to b e retransmitted on the

ev en t queue. Up on a GET EVENTPOPPEEK request, a sla v e p ops and then returns

the p eek of his ev en t queue (notice this c hanges the state of the sla v e, con trary to our

claim ab out get requests). Up on a GET EVENTPEEK request, a sla v e just returns

the p eek of his ev en t queue. Sometimes, the sla v e's queue ma y b e empt y . In these

cases, w e ha v e another reply , D A T A NYET A, whic h indicates no ev en t is a v ailable

for transmission.

The ev en t building Program K �rst asks all sla v es for an ev en t fragmen t. Then

it w aits for some replies. It uses information co ded in the ev en t fragmen t to c hec k

consistency of the replies. If some sla v e returns an inconsisten t ev en t or is brok en (the

request generated a F AILURE ERR OR reply), the Program K stops requesting ev en t

fragmen ts from that sla v e. F or the sla v es that reply D A T A NYET A, the Program

K asks for the ev en t again. It con tin ues in this manner un til either all the sla v es in

the request list ha v e replied, or the ev en t timer has expired. The Program K again

mo di�es the request list to con tain just those sla v es that replied with a consisten t

ev en t fragmen t. In this w a y , consistency of the ev en t queues will not b e violated b y

a sla v e that did not receiv e the ev en t fragmen t b efore the ev en t timer expired. Then

the Program K w aits for a free sp ot on the ev en t queue, pushes the curren t ev en t

on to the ev en t queue, and b egins again. Note the Program K m ust use the prop er

request, GET EVENTPOPPEEK or GET EVENTPEEK, for eac h ev en t request.

Should the Program K b e requested to stop during this pro cess, it m ust �rst

complete the curren t ev en t fragmen t. This will tak e at most the time of the ev en t
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POST MAKE

STOP

WAITPUSH

Figure 3-8: Ev en t building Program K state diagram

timer plus the time of a timeout. Then the Program K mak es note of its curren t state

so that when it is restarted, it will p erform the correct action.

T o implemen t this Program K, w e use �v e states { the POST state (whic h is

also the ST AR T state), the MAKE state, the PUSH state, the W AIT state, and the

STOP state (Figure 3-8, T able 3.2). In the POST state, the mo dule transmits the

initial ev en t fragmen t requests. In the MAKE state, the mo dule collates the returned

ev en t fragmen ts. In the PUSH state, the mo dule stores the curren t ev en t on the ev en t

queue. The W AIT state is used when the ev en t timer expires b efore the ev en t is built.

In the W AIT state, the Program K w aits for all p ending requests to b e serviced.

The most c hallenging asp ect of the ev en t building task is to main tain consistency

of ev en ts. W e can informally argue that our implemen tation do es in fact main tain

consistency . W e study just one master m and his set of n sla v es f s

i

g . Sa y sla v e s

i

generates fragmen t s

i

( e

j

) of ev en t e

j

. W e w ould lik e to pro v e the set of fragmen ts on

the master's ev en t queue are consisten t. That is, s

i

( e

j

) is in the same set as s

k

( e

l

) if
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T r ansition P r e � condition Action=P ost � condition

POST ! MAKE request list is not empt y and

stopBuild is not set

request ev en t of all sla v es in re-

quest list

POST ! POST request list is empt y and stop-

Build is not set

store appropriate request for

eac h sla v e to main tain consis-

tency

POST ! STOP stopBuild is set none

MAKE ! PUSH all sla v es in request list replied

with ev en t

set request list to sla v es that

replied; store ev en t fragmen ts

in curren t ev en t

MAKE ! MAKE ev en t timer did not expire and

some sla v e in request list has

not replied with ev en t

re-request ev en t from sla v es

who ha v e serviced last re-

quest and ha v e not returned an

ev en t; store ev en t fragmen ts in

curren t ev en t

MAKE ! W AIT ev en t timer expired store ev en t fragmen ts in cur-

ren t ev en t

W AIT ! PUSH all requests ha v e b een serviced set request list to sla v es that

replied with an ev en t fragmen t;

store ev en t fragmen ts in cur-

ren t ev en t

W AIT ! W AIT some request has not b een ser-

viced

store ev en t fragmen ts in cur-

ren t ev en t

PUSH ! POST there is ro om in ev en t queue

and stopBuild is not set

push ev en t on to ev en t queue

PUSH ! PUSH there is no ro om in ev en t queue

stopBuild is not set

none

PUSH ! STOP stopBuild is set store appropriate request for

eac h sla v e to main tain consis-

tency

STOP ! STOP stopBuild is set none

STOP ! POST stopBuild is not set and last

state w as POST

none

STOP ! PUSH stopBuild is not set and last

state w as PUSH

none

T able 3.2: Ev en t building Program K transitions
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and only if j = l . W e pro v e this b y induction, adding the stipulation that the sla v es

are m utually consisten t once ev en t e

j

is built, that is when the Program K en ters the

PUSH state with the curren t ev en t e

j

all sla v es s

i

in the request list ha v e s

i

( e

j

) in

the p eek of the ev en t queue.

First consider the situation in whic h no ev en t requests ha v e b een made. F or

simplicit y , w e assume all sla v es are in the ev en t request list and are functioning

normally (i.e. receiv e ev en ts sequen tially). Initially , ev ery sla v e's queue is either

empt y or con tains a fragmen t of ev en t e

1

. The master starts the ev en t building task

in the POST state. He sends a GET EVENTPEEK request to ev ery sla v e. Then

he w aits for replies in the MAKE state. F or eac h sla v e s

i

, there are three p ossible

outcomes { a D A T A EVENT reply , a D A T A NYET A reply , or a timeout. If a sla v e

replies with an ev en t fragmen t, the fragmen t will b e s

i

( e

1

) as the ev en t queue is

FIF O and ev en ts are receiv ed sequen tially . The p eek of the ev en t queue is s

i

( e

1

) as

required. If the sla v e replies with a D A T A NYET A reply , the master will resend the

GET EVENTPEEK request, and b y the previous argumen t the inductiv e h yp othesis

still holds if the sla v e ev en tually replies with an ev en t. If the sla v e nev er replies

with an ev en t (i.e. the ev en t timer expired b efore the sla v e's ev en t queue got �lled),

then the sla v e is remo v ed from the request list in the W AIT state and the inductiv e

h yp othesis holds. If there is a timeout, the master will remo v e s

i

from his request list

and again the inductiv e h yp othesis holds. This sho ws that the �rst ev en t is receiv ed

consisten tly b y the time the master's ev en t building program reac hes the PUSH state.

Supp ose the master has receiv ed all ev en ts up to ev en t e

j

consisten tly and the

sla v es are m utually consisten t. No w the master en ters the POST state and sends a

GET EVENTPOPPEEK request to ev ery sla v e. This p ops ev en t fragmen t s

i

( e

j

) o�

eac h sla v e's ev en t queue and causes the sla v e to send the p eek of the ev en t queue. As

ev en ts are receiv ed sequen tially , the p eek of the ev en t queue will either b e s

i

( e

j +1

) or

empt y . If the sla v e replies with an ev en t fragmen t, it will b e the correct ev en t frag-

men t, s

i

( e

j +1

), and so part of ev en t e

j +1

has b een receiv ed consisten tly . If the sla v e

replied with a D A T A NYET A reply , the master sends the request GET EVENT-

PEEK. As this situation is analogous to the one in the last paragraph, the same
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argumen ts apply to sho w that the rest of ev en t e

j +1

is receiv ed consisten tly .

Notice once a sla v e is remo v ed from the ev en t requesting list, the ev en t requesting

program nev er puts him bac k on the list. The reason for this is that the state of the

sla v e is unkno wn and therefore ma y b e inconsisten t with the other sla v es. The only

w a y for us to add a sla v e on to the ev en t requesting list is to sh ut do wn the ev en t

requesting program, 
ush all ev en t bu�ers, and restart.

If w e arrange our directed system graph (restricted to mo dules in the ev en t request

lists) in a tree structure, all the ev en t request lists will b e m utually disjoin t and all

mo dules will ha v e a path to the ro ot no de. If w e main tain suc h a structure in our

directed system graph, the ab o v e sho ws our ev en t building task will ev en tually collect

en tire consisten t ev en ts in the ro ot no de. The ro ot no de can then return these ev en ts

to the user as 
o w er data in a girlfriend-b o yfriend relationship (see Section 3.1.2).

This solution is particularly nice b ecause w e can mo dify the tree structure to

impro v e p erformance or sa v e resources. F or example, in normal op eration mo de, for

ev ery set of redundan t mo dules (t w o mo dules are redundan t if they ha v e the same

set of sla v es), only one collects ev en t fragmen ts. Ho w ev er, to impro v e p erformance, it

is p ossible to ha v e all mo dules collect ev en t fragmen ts b y mo difying the request list

of all mo dules appropriately .
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Chapter 4

D A Q System Sim ulation

In order to v erify the logic of the system and dev elop algorithms for the system tasks,

w e ha v e written a m ulti-pro cess sim ulation called NaZdra vio (NZ). Na zdr avio means

to your he alth in Russian, and indeed the main goal of NZ is to increase con�dence in

the health of the AMS D A Q system. NZ also giv es programmers a platform in whic h

to dev elop co de for the more complex comp onen ts of the AMS D A Q system suc h as

the MDC and the ground con trol in terface [4 ].

4.1 Soft w are Do cumen tation

NZ spa wns a separate pro cess for eac h D A Q mo dule. These mo dules comm unicate to

eac h other via an underlying net w ork. The user in teracts with the sim ulation through

a sp ecial mo dule whic h represen ts the ground mo dule. F rom the ground mo dule, the

user can view the system monitoring data, w atc h the ev en t stream, and command

an y mo dule within the system.

4.1.1 Soft w are Design

NZ has an ob ject-orien ted design [7 ]. The basic class of ob ject in the D A Q system

is a mo dule. This naturally leads to the de�nition of a Mo dule class. The Mo dule

class captures the functionalit y that is shared among all mo dules, and it con tains
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the main run lo op of these mo dules. In the Mo dule class, there is co de for request

servicing as w ell as the common task of ev en t building (shared b y all mo dules except

the lev el one trigger and the FEEs). In addition, it con tains an instance of the

Comm unicator class whic h tak es care of all in termo dule comm unication, an instance

of the Ev en t class whic h con tains ev en t data, and an instance of the ReqRep class

whic h the p ending requests directed to this mo dule. Classes represen ting sp eci�c

t yp es of D A Q mo dules extend the Mo dule class, adding their o wn functionalit y . The

TDCMo d class, represen ting the TDCs, just creates an instance of a Mo dule class and

do es not add an y functionalit y . The TRIMo d class, represen ting the lev el one trigger,

adds trigger creation and regulation functionalit y . The FEEMo d class represen ts the

FEEs and the IDCMo d class represen ts the IDCs (the masters of the FEEs). These

classes add trigger resp onse functionalit y to the base Mo dule class. The MDCMo d

class represen ts the MDCs and adds the system monitoring task functionalit y . By

ha ving all mo dules extend the Mo dule class, w e not only maximize co de reuse, but

also guaran tee consistency of mo dule resp onses to standard requests.

The ground mo dule is dissimilar to the other mo dules. It has unlimited p o w er and

runs di�eren t tasks. In addition, it is the only mo dule with user input. Therefore,

there is a class, GUI, explicitly designed to represen t this ground mo dule. There

are man y help er classes used in the implemen tation of the GUI class, most of whic h

aid in the graphical user in terface comp onen t of the ground mo dule. Ho w ev er, there

are t w o imp ortan t classes { the Command class and the Mo duleInfo class. When a

user attempts to command a mo dule in the system, the Command class builds the

request message necessary to carry out the user's command. The Mo duleInfo class

con tains all the information stored in the ground mo dule concerning eac h other D A Q

mo dule. This information includes the general structure of the system, (i.e. the

directed system graph), the curren t status of eac h mo dule, and essen tial information

ab out eac h mo dule suc h as its address. Among other things, this class addresses

requests built b y the Command class.

The Comm unicator class captures the functionalit y necessary for comm unication {

p orts, links, and the master-sla v e and girlfriend-b o yfriend proto cols. Although in
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hardw are the p ort-to-master and the p ort-to-sla v e are iden tical, conceptually and

functionally they act di�eren t. Messages transmitted on a p ort-to-sla v e are requests

and can generate timeouts whereas messages transmitted on a p ort-to-master are

replies and ha v e no asso ciated timeout. F urthermore, a message receiv ed on a p ort-

to-master is a request while a message receiv ed on a p ort-to-sla v e is a reply . As these

messages are handled v ery di�eren tly , it mak es sense to separate these t w o t yp es of

p orts in our ob ject-orien ted design. W e created Master, Sla v e, and P ort classes to aid

in implemen tation of the Comm unicator class. The Master class actually represen ts

a link and the dedicated p ort from this mo dule to its master. The Sla v e class just

represen ts a link from this mo dule to its sla v e. The Master and Sla v e classes are

an abstraction for message transmission and reception. The P ort class represen ts

the p ort this mo dule uses to comm unicate to its sla v e. The Master and P ort classes

are an abstraction that forces message transmission and reception to conform to the

AMSWIRE proto col. The P ort class also sim ulates the �xed n um b er of p orts-to-

sla v es in a giv en mo dule forcing our sim ulation mo dule and the actual mo dule ha v e

the same message capacit y p er time unit for sla v e comm unications.

The Ev en t class pac k ages ev en t data according to the ev en t structure. F or a

mo dule with s sla v es, the �rst �eld of the ev en t is the ev en t size, the second �eld

is the ev en t n um b er. The follo wing s �elds record the amoun t of data returned b y

eac h sla v e (0 if and only if the corresp onding sla v e did not reply). The �nal �eld

con tains �rst the sla v e iden ti�cation n um b er and then the sla v e ev en t fragmen t of all

replying sla v es (app ended in an y order). The ev en t class sim ulates the �xed �nite

maxim um size of ev en ts and adds data to ev en ts in a manner that conforms with the

ev en t structure.

The ReqRep class pro vides an abstraction for messages themselv es. This class

actually con tains a request, information regarding whether the request has b een ser-

viced, and, if the request has b een serviced, the corresp onding reply or timeout.

Besides making the �elds of a message easy to access and easing the construction of

common messages, this class has the adv an tage of pac k aging a request together with

its reply . This greatly simpli�es reply passing within the mo dule.
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IDCMod
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GUI

Module

Communicator

Event

ReqRep

Command

ModuleInfo

Slave

Port

Master

is-a:

has-a:

Figure 4-1: Is-a/has-a NZ relationship diagram

These are the main classes of our program. There are sev eral more classes suc h as

the T able, Queue, and Prog K classes. These will b e discussed when they are encoun-

tered in the implemen tation if necessary . The is-a and has-a relationship diagrams of

NZ are dra wn without regard to these classes (Figure 4-1).

4.1.2 Soft w are Implemen tation

NZ w as implemen ted in C++ on Lin ux Redhat 6.2 and compiled with g++ compiler

v ersion egcs-2.91.66. The soft w are sim ulates a P oisson distribution of ev en ts using

a random n um b er generator. It mimics ev en t suppression due to lac k of system re-

sources through semaphoring. Unsuppressed ev en ts are triggered in the IDCs and

FEEs b y sending the corresp onding pro cesses an in terrupt. In termo dule comm unica-

tion is normally sim ulated via pip es [12], although this can b e easily substituted for

an y underlying net w ork. The mo dules themselv es are separate pro cesses fork ed from
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the initial pro cess, the ground mo dule, according to the user con�guration.

ReqRep Class

The ReqRep class pro vides an abstraction for messages. The message storage is

implemen ted via a pac k age of p oin ters { one to a request and one to a p oin ter to a

reply . In this manner, w e nev er need to sp end time cop ying requests within a mo dule.

W e can just p oin t to them where they w ere created, whether it b e the receiv e bu�er of

a p ort-to-master or the mo dule itself. Similarly , w e don't need to sp end time cop ying

replies. W e can just set the reply p oin ter to the reply , whether it b e the receiv e bu�er

of a p ort-to-sla v e or the mo dule itself. This has the further adv an tage of making it

v ery easy to c hec k when a request has b een serviced. W e just need to c hec k whether

the reply p oin ter is n ull.

Mo dule Class

The Mo dule class (Figure 4-2) de�nes the co de shared b y all D A Q mo dules. Pro-

vided co de includes the main running lo op ( run ), the ev en t building Program K

( program buildEvent ), and sev eral default request servicing resp onses in a request

servicing routine ( service ).

The main running lo op of the Mo dule class, run , is, b y default, an in�nite lo op

(Figure 4-3). In ev ery iteration of the lo op, the Mo dule class asks the Comm unicator

class to pass requests and receiv e replies. Then the Mo dule class attempts to service

an y curren t requests. The Mo dule class ma y also c ho ose to run some Program K

stored in the Program K table. In the creation of the class instance, the constructor

initializes this table to con tain function p oin ters to the Program K's run b y this

mo dule. If there is more than one Program K in this table, the run lo op executes

eac h of them, one p er lo op, in a round-robin fashion.

The Mo dule class de�nes one Program K, the ev en t building Program K. As

describ ed in Section 3.2.2, the ev en t building Program K is a �v e state mac hine. The

Program K function inputs the curren t state of the Program K state mac hine. A

switc h statemen t switc hes on this input, jumping the Program K to the correct state.
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template<class T>

class Module : public EmptyMod

{

public:

Module(...); // constructor

virtual void interrupt(int n); // interrupt handler

// override to implement

// desired interrupt behavior

void run(bool repeatedRun = false,

int times = 0); // main running loop

void pprint(); // pretty prints object state

protected:

void program_buildEvent(); // event building program k

void service(ReqRep *r); // request servicing routine

// override in subclass to

// add functionality

// provided state

Queue< Event > eventQ; // queue of events

Table< Prog_K<T> > KTable; // request issuing progs

Communicator comm; // slave communications

// event building state

bool stopBuild; // whether to collect events

int eventState; // current stage of event build

int *eventReqList; // slaves to be requested

Event *curEvent; // event being built

ReqRep **q; // pointer to s getevent req/rep

private:

void requestServicing(); // request servicing routine

// calls subclass service

ReqRep **mr; // request servicing state

int nSlaves; // num slaves of module

int nMasters; // num masters of module

T *ref; // ptr to derived instance

};

Figure 4-2: Mo dule class de�nition
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while(TRUE) {

k = KTable.nextElement();

if (k && k->pri != 0) {

(ref->*(k->prog))();

}

comm.passRequests();

comm.receiveReplies();

requestServicing(); // calls comm.receiveRequests

}

Figure 4-3: Mo dule class main run lo op

In eac h state, the ev en t building Program K c hec ks the curren t conditions, sets the

state v ariable to tak e the righ t transition up on re-en tering the program, and tak es the

suitable actions (if an y) according to T able 3.2. The implemen tation of most of these

actions is straigh tforw ard giv en the auxiliary v ariables of the ev en t building Program

K (Figure 4-2). The request list is implemen ted as an arra y of b o olean v ariables

indexed b y the iden ti�cation n um b ers of the sla v es. The b o olean v ariable indicates

mem b ership in the request list, and so mem b ership testing tak es constan t time. The

requests and reserv ed memory for incoming replies are stored in an arra y of ReqRep

t yp es also indexed b y the iden ti�cation n um b ers of the sla v es. Initially , all requests

in this list are GET EVENTPEEK, and after eac h reply , the request t yp e is up dated

as needed. When data is stored in the memory reserv ed for replies, the Program K

kno ws the request has b een serviced and it pro ceeds to in terpret the generated reply .

The only complex action { in terpreting replies { is simpli�ed b y the ReqRep and

Ev en t class abstractions. When the ev en t building Program K encoun ters a D A T A

EVENT reply , it uses the ReqRep class to extract the data �eld of the reply and

passes this memory to the addData function of the Ev en t class. The Ev en t class

app ends the fragmen t, up dating all ev en t �elds appropriately , and returns the status

of the op eration. Should the op eration fail due to inconsisten t ev en t n um b ers or if

the request resulted in a timeout, the ev en t building Program K adjusts the request

list appropriately . If the reply w as D A T A NYET A, the Program K re-issues a GET

EVENTPEEK request for that sla v e.
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The request servicing routine service pro vides default replies to some basic re-

quests. The request servicing routine inputs a ReqRep t yp e. Request servicing is

implemen ted as a switc h statemen t whic h switc hes on the request name and t yp e. In

the case of the switc h statemen t, the routine builds a reply to the request and stores

it in the correct memory lo cation as indicated b y the input. This routine can b e

o v er-ridden in a sub class should the sub class wish to add request t yp es or c hange the

default b eha vior. In order to maximize co de reuse and main tain consistency of replies

to sp eci�c requests, w e alw a ys default to this sup erclass request servicing routine from

the sub class request servicing routine (Figure 4-4). The request servicing routine is

wrapp ed in a function requestService whic h sequen tially services eac h master with

a p ending request and also calls the sub class service routine (whic h defaults to the

sup erclass service routine if the routine is not o v er-ridden).

The Mo dule class is implemen ted as a template. Classes whic h inherit from the

Mo dule class pass their o wn t yp e to this template. The template v ariable in the

Mo dule class is used to store a reference to the deriv ed instance. This p oin ter allo ws

the Mo dule class to call functions in the deriv ed class. Fiv e classes extend the Mo dule

class. Eac h class represen ts a di�eren t t yp e of D A Q mo dule and adds functionalit y

sp eci�c to that mo dule. The TDCMo d class is the most simple extension. This class

represen ts the top CDDCs, i.e. those that are not immediate masters of FEEs. The

TDCMo d class adds no functionalit y to the Mo dule class. The constructor of the

TDCMo d class just stores a p oin ter to the pro vided ev en t building Program K in the

Program K table.

The MDCMo d class represen ts the MDCs. It extends the Mo dule class in order to

add t w o new Program K's { the system monitoring Program K, program requestStatus ,

and the do wn-link Program K, program downLink . The system monitoring Program

K w orks as discussed in Section 3.2.1. It is implemen ted with a switc h statemen t

in a manner similar to the ev en t building Program K. The purp ose of the do wn-link

Program K is to pip e the stream of ev en ts en tering the MDC to the ground mo dule.

In the real system, this do wn-link will b e m uc h more complicated and ma y happ en

in one of sev eral w a ys. Ho w ev er, in our sim ulation, w e simply send ev en ts to ground
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void

FEEMod::service(ReqRep *r) {

Reply *rep = NULL;

rep = new Reply(ABORT_ERROR);

switch ((r->Req)->b.dblock.com m.na me) {

case GET:

switch ((r->Req)->b.dblock.comm. type ) {

case EVENTPOPPEEK:

Module::service(r); // build response

if (semSet < 0 &&

eventQ.size() < EVENT_QUEUE_SIZE) {

semSet++;

}

break;

default: // default actions

Module::service(r); // call superclass

break; // service

}

break;

default:

Module::service(r);

break;

}

*(r->Rep) = rep; // store ptr to

// generated reply

}

Figure 4-4: FEEMo d request servicing routine
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in the form of 
o w ers according to the girlfriend-b o yfriend relationship. Sp eci�cally ,

there are just t w o states, STOP and SEND. In the SEND state, if the ev en t queue

is not empt y , the Program K p ops the ev en t queue, builds a D A T A EVENT reply ,

and asks the Comm unicator class instance to send the reply to ground in the form of


o w er data.

Due to co de legacy , the one D A Q mo dule represen ted b y a class that do es not

extend the Mo dule class is the fast trigger mo dule, and it is represen ted b y the

F ASTMo d class. This class is resp onsible for triggering ev en ts when the system is

ready to receiv e them (i.e. when all FEEs ha v e ro om in their ev en t queues for another

ev en t). F or this purp ose, the F ASTMo d class uses a com bination of semaphoring and

in terrupts. The semaphore is set b y the other mo dules when they are unable to

receiv e ev en ts. The F ASTMo d runs an in�nite lo op. In eac h lo op, it w aits for a

random amoun t of time to sim ulate the P oisson distribution, and then w aits for the

semaphore to indicate the system is ready . When the semaphore reac hes its initial

v alue, the F ASTMo d class informs the lev el one trigger that an ev en t has happ ened b y

sending a SIGUSR1 in terrupt signal to the pro cess represen ting the lev el one trigger.

The TRIMo d class represen ts the lev el one trigger. The purp ose of this mo d-

ule is to run some rudimen tary ev en t suppression algorithms and inform the IDCs

of all unsuppressed ev en ts. W e do not sim ulate ev en t suppression in the lev el one

trigger. Ho w ev er, w e sim ulate ev en t triggering b y sending in terrupts. The TRIMo d

class extends the Mo dule class, o v erriding the Mo dule class in terrupt handler and

adding functionalit y to the request servicing routine. Up on a SIGUSR1 in terrupt,

the in terrupt handler of the TRIMo d class sets the semaphore and sends a SIGUSR1

in terrupt to all pro cesses represen ting IDCs. Then the TRIMo d creates an ev en t

fragmen t. As the TRIMo d do es not collect data, its ev en t fragmen t consists solely

of logistical data suc h as the curren t v alue of the ev en t coun ter. Finally , the TRI-

Mo d releases the semaphore only if this new ev en t did not �ll the TRIMo d's ev en t

queue. As the in terrupt routine sets the semaphore and do es not necessarily release

it, w e need to mo dify the resp onse to a GET EVENTPOPPEEK request b y writing

a request servicing routine in the TRIMo d sub class. Sp eci�cally , if the ev en t queue
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w as full and the semaphore w as set and not released b y this pro cess, up on a GET

EVENTPOPPEEK request this pro cess should release the semaphore, indicating it

no w has the resources to receiv e more ev en ts.

The IDCs are represen ted b y the IDCMo d class. These mo dules are the masters of

the FEE mo dules and are resp onsible for informing their FEE sla v es of ev en t triggers.

As b efore, w e accomplish this task through the use of in terrupts. Again, this class

extends the Mo dule class and o v errides the in terrupt handler. As IDCs do not create

ev en t fragmen ts, there is no need for the IDCMo d to use the semaphore. Instead,

up on a SIGUSR1 in terrupt, the IDCMo d in terrupt handler just sends this in terrupt

to ev ery FEE sla v e.

The FEEs are represen ted b y the FEEMo d class. In the D A Q system, the FEEs

are resp onsible for reading and digitizing data from the detectors and compressing

data. The FEEs are prompted to read data b y ev en t triggers from their masters. They

also m ust main tain an output signal whic h indicates if they ha v e enough resources to

read another ev en t. These tasks are carried out in the sim ulation through in terrupts,

semaphores, and a realistic data generation routine. The FEEMo d class extends the

Mo dule class, o v erriding the in terrupt routine. Up on an in terrupt, the FEEMo d class

sets the semaphore and calls the dataGen routine to generate an ev en t fragmen t. It

then pushes this ev en t fragmen t on to its ev en t queue and releases the semaphore only

if the queue is not full. As in the case of the TRIMo d class, the FEEMo d class sets

the semaphore in the in terrupt routine and do es not necessarily release it. Therefore,

the FEEMo d class m ust o v erride the service routine, c hanging the resp onse to a

GET EVENTPOPPEEK request. Sp eci�cally , if the ev en t queue w as full and the

semaphore w as set and not released b y this pro cess, up on a GET EVENTPOPPEEK

request this pro cess should release the semaphore, indicating it no w has the resources

to receiv e more ev en ts.

The FEE ev en t fragmen ts are generated b y the dataGen routine. This routine

generates random ev en t data with a user-adjustable size. The routine inputs a mo de {

normal, p erfect, or empt y . This mo de regulates the size of the ev en t fragmen t. P erfect

ev en t fragmen ts ha v e a �xed size; empt y ev en t fragmen ts ha v e zero size. Normal ev en t
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fragmen ts more closely sim ulate the real system. The size of a normal ev en t fragmen t

is v ariable, and th us can b e to o large for our system to handle. That is, at some p oin t

in the ev en t building pro cess, a normal ev en t fragmen t ma y not �t in an ev en t queue.

Suc h an ev en t is called a long event and can b e indicativ e of detector failure. The

normal mo de of the dataGen routine allo ws us to study ho w to handle long ev en ts.

Long ev en ts are 
agged, truncated, and pro cessed lik e error-free ev en ts. In this w a y ,

long ev en ts do not break the D A Q system. Ho w ev er, in order to alert the user of the

error, the o ccurrence of a long ev en t is mark ed in the status of the mo dule in whic h

the long ev en t o ccurred.

Comm unicator Class

The Comm unicator class (Figure 4-5) is an abstraction that deals with all in termo dule

comm unication. It is resp onsible for receiving requests from this mo dule or one of

its masters and passing the requests to the appropriate sla v e or the mo dule itself

( receiveRequests ). The Comm unicator class m ust also actually transmit requests to

the sla v es sub ject to p ort and link a v ailabilit y ( transmitRequests ). There are similar

resp onsibilities in regards to replies. The Comm unicator class m ust receiv e replies

from the sla v es ( receiveReplies ) or this mo dule and transmits them, if necessary , to

the righ t master ( transmitReplies ). All these resp onsibilities m ust b e implemen ted

in a w a y that ob eys the master-sla v e relationship.

T o receiv e and pass requests, the receiveRequests function c hec ks eac h master's

receiv e p ort sequen tially for a request. If a request has b een receiv ed, a ReqRep

instance is created with p oin ters to the p ort-to-master's receiv e and transmit bu�ers.

The function switc hes on the address �eld of the request. If the request w as destined

for this mo dule, a p oin ter to the ReqRep instance is stored in a Mo dule class v ariable

where the request will ev en tually b e serviced b y the Mo dule class's requestServicing

routine. If the request w as destined for a sla v e, the receiv eRequests function uses the

p ostRequest routine to p ost the ReqRep instance to the correct sla v e. Otherwise, if

the request w as a ST AR request, receiv eRequests reserv es memory for all the exp ected

replies and uses this memory to create a ReqRep instance for eac h sla v e and the
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class Communicator {

public:

Communicator(...);

void receiveRequests(ReqRep **);

void transmitRequests();

void receiveReplies();

void transmitReplies();

void postRequest(int, ReqRep *, bool = true);

void sendFlowers(int, Reply *);

void pprint();

private:

Table< Slave > *slaves; // list of slaves

Table< Port > *ports; // list of ports

Table< Master > *masters; // list of masters

ReqRep **broad; // broadcast requests

ReqRep *pendingBroad; // master's broadcast request

address myAddr; // module's own address

};

Figure 4-5: Comm unicator class de�nition

mo dule itself. It also stores the initial ReqRep instance in a class v ariable called

p endingBroad. It then p osts eac h ReqRep instance to the appropriate sla v e and to

the mo dule itself. The reply handling routines will wrap these replies in to a BR O AD

reply and write the BR O AD reply to the memory indicated b y the ReqRep instance

stored in the p endingBroad v ariable

The Comm unicator class m ust b e careful to ob ey the master proto col in the

master-sla v e relationship to transmit requests. If a mo dule has m masters and k

(non-malicious) Program K's, as man y as ( m + k ) requests ma y b e generated for a

giv en sla v e at the same time. According to the master-sla v e relationship, this mo dule

m ust send these requests to the sla v e one at a time, and it should do so in a fair or-

der. T o accomplish this, the Comm unicator class implemen ts an ( m + k )-sized FIF O

queue of ReqRep instances for eac h sla v e. The p ostRequest function simply pushes

the input ReqRep instance on to the queue of the appropriate sla v e.

The transmitRequests function actually transmits requests b y sim ulating con-
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necting a free p ort to a free link of a sla v e with a non-empt y request queue. The

transmitRequests function w alks the p orts and c hec ks if they are free (i.e. they are

not curren tly w aiting for a reply or timeout from a transmitted request). When a free

p ort is found, the function w alks the sla v es in a round-robin fashion lo oking for a free

sla v e (i.e. a sla v e without a p ending request) that has a non-empt y request queue.

Then the function p ops the request queue of the sla v e and transmits the request on

that sla v e's link using the free p ort. The function con tin ues in this manner un til it

has c hec k ed all the p orts.

Reply reception and passing is implemen ted in the receiv eReplies function. This

function w alks all the p orts and asks eac h p ort to receiv e data. Because the ReqRep

instance is passed to the p ort up on request transmission, if a reply is receiv ed, the

p ort's reception function will automatically write the reply to the righ t lo cation.

Ho w ev er, if there is a p ending ST AR request, receiv eReplies m ust attempt to correlate

the corresp onding replies. Barring a timeout, if all replies for this ST AR request ha v e

b een receiv ed the function will create a BR O AD reply and store this reply in the

lo cation indicated b y the ReqRep instance stored in the p endingBroad v ariable.

The transmitReplies function implemen ts reply transmission b y c hec king the trans-

mit bu�er of eac h p ort-to-master. It initializes transmission if there is a v alid request

in the receiv e bu�er and data in the transmit bu�er. Then it clears these bu�ers to

mak e the p ort ready for the next request. The transmitReplies function c hec ks the

v alidit y of the request in the receiv e bu�er in order to adhere to the sla v e proto col

in the master-sla v e relationship. Th us, this function can not b e fo oled in to sending

a reply when there is no p ending request. Therefore, this function can not b e used

implemen t the b o yfriend proto col in the girlfriend-b o yfriend relationship. F or this

proto col, w e m ust in tro duce a new function, sendFlo w ers, whic h inputs 
o w er data

and a p ort-to-master and transmits the 
o w ers on the giv en p ort no matter what the

status of the transmit and receiv e bu�ers are. In order to ensure sendFlo w ers will not

o v erwrite a reply to a p ending request, transmitReplies is a priv ate function of the

Comm unicator class and is called b y receiv eReplies.

No w, to implemen t comm unication, a mo dule just needs to call the transmitRe-
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quests and receiv eReplies functions of its Comm unication class instance comm from

its main running lo op. This completes the picture of the Mo dule class run lo op

(Figure 4-3).

The functions of the Comm unication class tak e care of comm unication at a high

lev el. The net w ork lev el comm unication is implemen ted with three help er classes { the

Master class, the Sla v e class, and the P ort class. Because of this abstraction, w e can

c hange the underlying net w ork of the sim ulation b y only c hanging the Master, Sla v e,

and P ort classes. The Master class and the Sla v e class are the classes that actually

initiate transmission and reception. In the curren t implemen tation, these classes

transmit and receiv e via pip es in Lin ux. The transmit and receiv e functions in these

classes ensure that the pip es act iden tically to the AMSWIRE proto col in the real

system. The Master class also implemen ts a function that c hec ks if a receiv ed request

is v alid. In the real system, the mo dule will p erform this c hec k b y reading the status

of the p ort. The status will claim the request is in v alid if it has b een o v erwritten. In

the curren t sim ulation, w e c hec k if a receiv ed request is not o v erwritten b y reading the

pip e and returning true if and only if there is nothing in the pip e. The Sla v e class, in

addition to transmitting and receiving messages, main tains the sla v e's request queue

and k eeps trac k of whether the sla v e is busy . The third of these classes, the P ort class,

mo dels the �xed n um b er of p orts to sla v es of a mo dule and implemen ts timeouts.

GUI

The GUI class implemen ts the graphical user in terface (Figure 4-6). W e wrote it

using the T roltec h pac k age Qt. The Qt do cumen tation [14] explains the concepts

necessary to understand the GUI class. The in terface assumes the directed system

graph is a tree. T o b egin the sim ulation, press the Start button. This will spa wn

all the pro cesses represen ting eac h mo dule. The mo dules will b e listed under their

paren ts in the view b o x on the left. Selecting a mo dule causes the last status up date

from that mo dule to app ear in the view b o x on the righ t. It also allo ws a user to

command that mo dule b y clic king on the Send Command button. T o start and stop

ev en t building, clic k Start Build and Stop Build resp ectiv ely . When ev en ts are b eing
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Figure 4-6: NZ graphical user in terface

built, the ev en t stream is visible in the text lab el at the top of the screen. A histogram

of the ev en t stream also app ears. The histogram represen ts the n um b er of ev en ts and

n um b er of ev en t b ytes p er time unit.

4.2 Sim ulation Analysis

The NZ implemen tation closely mimics the real D A Q system. Ho w ev er, there are

some de�ciencies. One ma jor problem with the sim ulation is that the pro cesses are not

really run in parallel as there is only one pro cessor in our mac hine. The pro cesses are

actually run sequen tially in an order determined b y the task manager. Unfortunately ,

it is v ery di�cult to con trol this task manager. One resulting disadv an tage is that it

is imp ossible to use this sim ulation to analyze timing issues. Another disadv an tage

is that the task manager can stop a pro cess at an y p oin t in the co de. This mak es

it imp ossible to guaran tee a segmen t of co de will b e autonomous. While this is not

a problem for most of our co de, it can cause errors in the semaphoring. Finally , as

the task manager determines the order in whic h it runs the pro cesses, w e are unable

to determine the order in whic h messages are transmitted and receiv ed. Therefore
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a complete logical analysis of the D A Q system design is not p ossible with the NZ

sim ulation.

Still, the NZ sim ulation helps us dev elop and study the D A Q system. The sim u-

lation w as written concurren tly with the design dev elopmen t and help ed lead us to

man y design decisions. Through the sim ulation, w e noticed the need for a girlfriend-

b o yfriend relationship. Also, the sim ulation led us to the curren t de�nition of the

Program K as a state mac hine that relinquishes con trol with eac h transition. F ur-

thermore, the sp eci�c Program K's for the ev en t building and system monitoring task

w ere designed in conjunction with NZ. Bey ond a�ecting the design of the system, NZ

has giv en us con�dence in the logic of the system. W e ha v e b een able to test er-

ror conditions suc h as long ev en ts and failed sla v es, and w e ha v e seen the system

successfully handle these conditions and inform the user.

As promised, NZ has enabled us to dev elop co de for the D A Q system in adv ance

of the system itself. In fact, the sim ulation co de for the MDC mo dule can b e di-

rectly p orted to the actual MDC mo dule. It implemen ts ev en t requesting, system

monitoring, and the core master-sla v e comm unication functionalit y . Programmers

can easily augmen t this co de to include additional functionalit y not needed for the

sim ulation. W e ha v e substan tiated this claim b y testing the MDC mo dule co de with

actual p orts implemen ting AMSWIRE. Sp eci�cally , w e p erformed an exp erimen t in

whic h the MDC and ground mo dules ran on one computer. All the other mo dules

ran on another computer. These computers w ere connected via AMSWIRE p orts.

The exact same connection will exist b et w een the MDC and its sla v es in the real

D A Q system. T o p erform this exp erimen t, w e only needed to c hange the underlying

net w ork b et w een the MDC and its sla v es. Therefore, w e only needed to c hange the

Sla v e and P ort classes in the MDC co de and the Master class in the TDC co de. This

mo di�ed co de p erformed exactly lik e the sim ulation in all tests. This exp erimen t also

sho w ed that NZ can b e a useful to ol for debugging the hardw are.
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Chapter 5

Discussion and future w ork

W e ha v e prop osed and sim ulated a distributed data acquisition system for the alpha

magnetic sp ectrometer exp erimen t. This system is 
exible enough to handle all rea-

sonable scenarios whic h concern us. W e surviv e m ultiple failure mo des including the

loss of mo dules and the loss transmission capabilities. W e ha v e managed to design

this system with reasonable e�ciency and lo w memory constrain ts. The system is

appropriately general, allo wing it to p erform all necessary tasks. F urthermore, the

system is easily scalable, pro viding no inheren t limits on the n um b er of comp onen ts.

The system design prop osed in this thesis pro vides the basic outline of the de-

sign for the 
igh t D A Q. It de�nes a la y ered comm unication arc hitecture b et w een

system comp onen ts. Sev eral application lev el algorithms ha v e b een prop osed. These

algorithms implemen t the imp ortan t tasks of ev en t building and system monitoring.

Through thorough theoretical and exp erimen tal analysis, w e ha v e v eri�ed the logic of

this design. F urthermore, w e ha v e pro vided a simple y et p o w erful w a y to extend this

design without violating the system logic. So long as these extensions ob ey simply

rules, our system will con tin ue to function prop erly . Th us, with mo dular additions,

our design can p erform new tasks unforeseen at the time of this thesis.

The sim ulation framew ork pro duced in this thesis is mean t to serv e as a framew ork

for the 
igh t D A Q soft w are and hardw are. Additional algorithms can b e implemen ted

and tested within this framew ork. Man y existing algorithms can b e directly p orted

to the 
igh t soft w are. Protot yp e hardw are can b e substituted in the sim ulation and
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b e tested with meaningful algorithms and mo c k data rather than simple lo op-bac k

tests. The protot yp e AMSWIRE p orts ha v e already b een tested in this manner. The

sim ulation framew ork also pro vides a p o w erful to ol for testing actual 
igh t system

comp onen ts. F uture tests ma y substitute en tire mo dules (hardw are and soft w are) for

the sim ulation pro cesses. In this w a y , engineers can v erify that protot yp e mo dules

b eha v e appropriately within the system in adv ance of the en tire system.

There is still a lot of future w ork to b e done. F rom an exp erimen tal p oin t of view,

our sim ulation is incomplete. Sev eral details of the actual system are not represen ted

in our sim ulation. P erhaps the most signi�can t factor w e ignore in the sim ulation

is m ultiple masters. A simple analysis sho ws that our system logic is sound in the

case of m ultiple masters. Ho w ev er, w e ha v e not sim ulated this situation. T o sim ulate

m ultiple masters, the system initialization routine m ust b e c hanged and the sim ulation

in terface should b e redesigned to displa y a m ultiple master view. Another signi�can t

limitation of the curren t sim ulation is that it do es not truly sim ulate parallelism. As

all pro cesses are run on a single computer, their instructions are in terlea v ed and run

in serial. With appropriate op erating system in terface mo di�cations, the sim ulation

can b e run with eac h pro cess on a separate computer.

F rom a theoretical system design p ersp ectiv e, the sim ulation is not a con vincing

argumen t that the system design is correct. F urther w ork m ust b e done to pro v e cor-

rectness of the system design. One p ossible approac h w ould b e to mo del this system

using some formal metho ds suc h as temp oral logic of actions [8]. The system itself

is describ ed b y a mathematical language as a state mac hine along with all plausible

state transitions. The tasks, or goals, of ev en t building and system monitoring can

b e formally stated. Then, giv en the system mo del, an automated theorem pro v er can

test all scenarios and pro duce a pro of of correctness.

Ev en with a sound pro of, this mo del m ust b e implemen ted on the actual 
igh t

hardw are. It is not at all a simple task to ensure that the implemen tation matc hes

the theoretical mo del. The true test will b e in Octob er 2003, the launc h date of AMS.
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