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1. Inlroduction

We believe that problem solutions, whether they are computer programs, electronic circuits, or
mathemalic el proofs, are deliberately designed.. Both design and diagnosis {ie. repair] are processes
wherein alternate solulions are proposed, evaluated, and debugged. We think the most effective
processes are those we call *Problem Solving by Debugging Almos!=Right Plans™ (PSEDARP) <Fahlman
1973, Fahiman 1973, Sussman 1973, Sussman 1974, Goldslein 1974a, Goldstein 1974b>. We want to
understand the imporfant features of the process of design and the relationship of these features to
the argamzalion of deliberately designed structures, We leel that the micro-werld of radio circuitry is
a reasonably constrained, yei inferesting, domain in which fo examine PSEDARF <Brown 1974,
McDermott 19748=, This paper is an exploration of one important p;r'l of the problem of debugging

such circuifs, that of localization of failures,

There are some very obvious features of any product of PSBDARP. Every such system is made
up of distingl parts, be they statements of a pragram, electronic companents, or lines of a proal, Each
part has a purpose -- there are no accidental parts {although there may be vestigial parls whose
purposes are no longer relevantl Most imporfant, the system must have been debuggable; bugs
arising in the design must have been locally patchable. This reguires that the system not be
completely syrergistic. There must be specific aggregations of parls - modules having distinct and
somewhal independent funchions, These modules may only mteract in constrained ways through
dislinguished interfaces called parts.

Kalhematical proofs are segmented into lemmas, each of which can be debugped privately,
Pragrams have subroulines and macros, otten hierarchecally arramged. Radios are hierarchically
medudar, They are divided into sections, stages, nelwarks, and alomic companents, Animals too have
organ s'g,rsrgq:nq., grgans, lissues, and cells, Ths is no accident, The only animals which could have
evolved are ones in which a minor design change would not have global zide affects,

Parfs [modules are higher-lavel parts) mus! be described. The descriplion of every parl in a
deliberately desigred syslem has at leas! two components -- whal it is, and what it does in a
parlicular inslance of its use -- the intrinsic and exirinsic descriptions respectively, or in the language

of Freeman and Mewsll <Fraeman 19371> “struclural” and “lunclional™ descriplions, Thus, a Sefd, 20V



capacilor finfrinsic description) may serve as an inferslaga coupling cepacitor or emitler-bypass
capacitor (sxtrinsic descriplions). A narrow-band, high gan amplifier may serve as an IF amplifier
lextrinsic deseription). An extensible muscular bag lined with a particular kind of mucous membrane,
tlasable al two porfs by sphincters (in shorf, a stomach) may serve as a vessel in which the firsi
slages of The digestion of proteins is performed. The Chinese Remainder Theorem is infrinsically e
thearem aboul modular arithmetic, but when used as a lemma in Godel's Incompleteness Theorem, it is
part of a scheme Tor encading and decoding WFFs,

This paper describes the design for & program, LOCAL (part of a larger PSEDARP system),
whose purpdse is 1o lacalize failures in electronic circuits — thal is, to find the smallest (most
embedded) madule in a circuil which comgletely contains the falure, The program we shall describe
will be able to diagnose a wide range of radio circuits, 1t is not desigred with any one circuit in mind.
The wide range of applicabilily precludes a diagnosis solely by methods of table-look-up (though il is
possible to diagnose a parlicular circuit this way.) Rather, it encourages abstracling diagnoses from
an understanding of the circuil’s design. Thuz we hape to learn how the principles of elecironic
circuitey relate to the principles of failurs localization in delibarate systems,

Modules at different levels of organization of a hierarchical systerm may reguire vastly different
analytical technigques for thinking about those modules, A comples computer program written in LISP
may be described wilh bindings, functions, condifional expressions, ele. &% the leval af machina
implementation of LISP we see garbage collection, interrupfz, and two's complement arithmetic. The
machine iz made of registers, busses, porls, uh:.. The logic is made of TTL, CMOS, or fransistors.
Transistors are understood in terms of slalistical mechanics, guanium theory, and Maxwell's Equations,
In animals there is a clear jump at the boundary of organ and lissue. Morphological considerations
preval i discussing organs and organ systems; h-inci'nemn:ﬂ consideralions are dominant st the level
of fissue and coll. In radios loo, there seem to be at least bwo distinct domains, Slages and sections
are the domain of signal processing. We speak of mivers, oscillators, amplifiers, and detectors as
gperating on signals. Intra-stage analysis; in contrast, is the domain of vallages, currents, and
impedances,

LOCAL is a higrarchal structure of experts, one for each generic class of module. The structure



is locally imposed in the sensa that the decsion as 1o whal expert should be called next resides
largely wilh individual module experls rather than some external agent. Figure 1.1 ilustrates the
basic layout of all experts. The gereral mode of operation 5 as follows: When LOCAL s presented
with a module suspected of malfunctoning i a specific way, the exper? for finding bugs in modules of
that class is called with a description of the symptom(s) observed al the ports of that module. Thus
the RADIO expert may be called with the symgtoms NO OUTPUT or DISTORTION ON STRONG SIGMALS.
The POWER-SUPPLY expert might be called with the symptom INCOSRECT VOLTAGE, Experis are loath
te put The blame on their associated modules, Hemca when called with any symplom, an exper! first
checks ils module’s inpuls and then verifies thal the chimud_sympl{:m iz really there. (This
determination will be further explained in section 3.} The experi, having convinced himsell of the
symptam, must then pin The blame on soéme submodule of his module. Fixing the blame requires
proposzing a candidate. Several proposal techreques are ulilized including & prior? probabilities of
failure, "knawing the answer,” malching the complaint against the exlrinsic purposes of submodules,
and tracing. Given s proposed failure mechanism, LOCAL must check that the failure could lead lo the
observed misbehavior, e, is it a salisfaclary explanation? {Satisfaction musf be delermined wilh
raspac| 1o the particular circuil being examined since the proposal may hawve been based on genaral
principles that are not applicable in the present imstance.) Thiz enbails forward causal reazoning thal
may be frivial, as iz the case when tracing, or oute complex, 2s will be evident in some of the inlra-
shage debuaging scenarios that we will see sharily, The final step is to verify that the claimed troyble
it the actual trouble, This verification step 15 8 recursion step, for angther expert (associated wilh
the mewly proposed laling submodule) is invoked with the fallure n:::mplainl. Recursion terminates on
imvoking an expert who cannot localize the problem ta some more embedded submodule,

&n obvidus case of this is an expert far an alemic component, eg. a transistor. A more

sublle case —- suggested to us by Marvin Minsky -- s fallere due to general overhealing

wherain all modules are o blame; hence tha recurzion lerminates with the RADID expert.
Since each slep in an experl’s processing schema may fail, an exparl may return failure messages as
well as success messages to s caller: "This module iz not lailing!” "This module = failing because
{submoduled s Tailling in Cdescriptiond way.” “This module i failing but the failure locus canmol

be resclved further.” An expert may alsg complain that its caller is wnfair -- "This module s not
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geiling correct input on Yport-nama’” We would ke to emphasize one sdditional feature of
LOCALs experts that is revealed by Figure L.1: an experf factors into 1) an experi-independent
control structure that is common o every level of the hierarchy imposed by LOCAL; and 2) declarative
and imperative knowledge peculiar to that expert, In the sacltions thal follow we shall be invesligaling
the mature and use of the expert-specific knowledge.

LOCAL will nof be able to accept & bare schematic diagram of the radio circuit lo be diegnosed.
We belp LOCAL out by annofating the dizgram, parsing it inko the module hierarchy implicit in the
design represented by the diagram. As part of a PSBDARP system, the plan maker will cerlainly leave
this informalbion on ils plans. For reading of exfernally supplied schematics, we intend to construct a
program capable of daing the parsing. The standard names of the modules carry with them various
descriptive comments abaul 1hose modules,

LOCAL communicates o a human assistani {in the same descriplive language as used inside the
program} whal measurements are to be made, what loops are fo be broken and tied off, what signals
are to be generaled and what parts are fo be removed and tested (by applying suilable signals to
them) Wea assume, of course, the availability of whalever signal ganeralors and lest instruments are

necessary lo carrying oul the assigred fasks,

2. ANNOTATING CIRCUIT DIAGRAMS

The alecironics repairman muslt be able to understand a circuil in order to repair it. This
understanding iz reflecled in & process of anndlaling a circuit diagram 12 indicate the subproblem and
solution hierarchy of the circuil designer (see <Goldstein 1978a> and <Ruth 1974> om annmotating
simple programs). What is the resull of this annotalion? The purpose of each part in the circuil
diagram is determined. An exirinsic comment describing how the part contribules to the proper
funclions of the next higher level module is attributed to that parl. Extrinsic comments are “positive”
in the sense thal thoy tell what is to be expected if the design is working properly. Why nat also
have negalive commentary indicaling what chould happan if a nnm}&unenl were to fail? The reason 15
thal lhe designar is only aware of the positive comments on completing the design. Negative

commentary is not (usually) recessary fo understanding the decign, though there are design features



that prevent bugs from occurring. Moreaver, we think fhal understanding fhe undarlying ceuses of
failures depends on undersianding what the circuit ought 1o be daing.

We do nat now know how to wrife a program that produces a complete snnotation from a bare
circuil diagram. We do, howeover, know some of the features such a program must have, As with
other processes cambining parsing and recognition -- speech recognition and vision for sxample --
parsing a circwil diagram into annotated submodules is guided al least as much by expectation as by
synfaw. In a recen! “manual” effort at amnotating the Healhkil GR-78 reciever <Meathkit 1969 we

were puzzied by bhe circuit fragment of Figure 2.1, We immedialely recognized the module sbove the
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dolled line as a voltage doubler, except for the resistors R924 and RA25. Since the resistors are in
series bebween fwo constant vollage nodes, it is a good bel that they are a voltage divider. Hence

[RAZA,RAZS] seems to offset the AC oulpul of the doubler by a DC constant. Why? Eventuslly we

|[!—



recalled thal we had never found the source of bias for the second gate of the deplation mode IGFET
{insulated gate field effect transistor), Q101 (1t must have a non-zero bias in order for the IGFET fo
do anything usefull The urexplained DC offset could provide such a bias, Since the upper metwork is
an AGC {aulomalic gain contral) and the lower is an RF (radic-frequency) amplifier, our interpretation
is indesd correct,

We have in mind a program that could carry out such analyses in the frame paradigm of Minsky
“Mingky 1974> We imaginge a voltage doubler frame altempling ta explain {he vollage offsel and an
[GFET frame Irying to find a bias for its second gale. The two frames mee! by virtue of having a
common porl, and become happy by offering mutually satisfactory explanations; the “unfulfilled
expectalion” -- bias on the sacond gate {8 conslrainl) == malches the “unexplained module™ -- the
mysterious voltage divider (which must be assigned a purpose), Since a great deal of passive circuitry
is concerned with making non-ideal active components look more ideal, a good general strategy for
parsing circuit diagrams is to start with the aclive components and spread cutward, A& pair of
resisiors al the base of a {ransister and conrected fo separale Dvaiuud nodes is probably a base
bias vellage divider, [f the iransisior, in addition, has emilter resister, il is probably being operated
in a class A regime, Moregver, if there is a capacilor connecting the collector af the transistor to the
base of yel amother fransistor, the capacitor is probably an inter-stage coupling capacitor. This
capacitor would define a stage boundary. Undersianding circuil disgrams seems to be a matler of
parsing top down from the boflom wp, By this we mean that we fix on parficular components (or
collections of components), jump o & conclusion about the use of those components, and attempl to
juslify the conclusion by lacaling appropeiale addifsenal configuralions of companents. In justifying a
conclusion, additional refining conclusions may be tentatively made. This relaxalion <Wallz 1972>
proceeds unlil the lensions caused by unexplained parls are relieved,

In the course of parsing a circuit’s components into functional modules, we find that a
componant (or submodule) may belong to more than one module. A trivial example of this is the inter-
stage coupling cepacitdr. [s it part of the inpul stage, the oulput stage, or an entity unto itself? AN
may be frue depending upom the point of view. A similar ambiguily can be seen in the circwl of

Figure 2.1 by conzidering the extrinsic and intrinsic commentary on R101 and C1O7. Extrinsically they



form a low pass filter to protect the second gate of Q101 fram radio frequency AC. Such AC can
arise either from noise on the power input porl, or from feedback through Q101 itself. Intrinsically,
however, {RIOLCI07] is 2 series combination to DC ground from AGCel's point of view and a parallel
combinalion to AC .grnund from QICL's point of view,

We have been assuming until now that the designer supplied eireuit diagram has molhing on it
but comporent names and values, and connection information. This is almost never the case, In fact,
all of the diagrams we have ever seen indicate the bias values for active components, distinguish the
warious functional stages, and distinguish various conlrol variables {both internal and external) in the
Fadio. A circuit diagram annotating program can -- and should == make use of such infarmation. For
example, the diagram for the GR-78 indicates that QIOI of Figure 2.1 is part of an RF amplifier. The
annctater should know thal RF amplifiers typically have variabla-tuned circuits at their input and
oulput sides. The complete amplifier, shown in Figure 2.2, has parallel LC combinations af bolh the
gale and drain sides of QIOL. The variability of the capacifors clinches the matter and a reasonablie
annctater wauld collact those components infe modules and comment them a3 ganged funing circuits.

Before leaving the matter of parsing, we would like fo consider a fragment of a complately
parsed radio. Figure 2.3 is a block diagram (a partial funclional parsing) of the GR-T8. It is a rather
sophisticated general coverage, super-helerodyne, AM receiver. This skeleton, to which addilional
comments will be attached, can be gleaned from explicit commentary found on the manufacturer
supplied circuil diagram of the GR-78. (The parser also imposes prejudices of its own in collecting
stages into larger modules) Throughout the rest of this paper, we will be dealing with failures thal
arise in lhis parficular design. We will expand the slages info delailed subcircuits as it becomes
NECES5Ary,

We will now consider a delailed annotation of the mixer stage of Figure 2.4, The extrinsic
purpose of a miver s to “miv-down® the madulated broadeast frequency to modulated intermediale
frequency. Intrinsically it is a narrow-band (at the output side) RF amplifier whose gain in confrolled
by the wvoltage on the oscillater port. [R20B,C201L201) is & narrow-band, paraliel tuned cireuilt,
centered al 455kHz. Exirinsically, it provides a narrow-band constriction for the stage's autpul port.

[L203,C206] is a series-tuned circuit centered at 910kMz. Extrinsically it is a wide band frequency
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trap. (201 provides the stage's variable gain. (We will nof give intrinsic commentary for individual
components since they are already on the diagram) R202 is a inl..|r|:.u teed-back stabilizing resistor.
C203 is a source bypass capacitor providing an AC shunt to increase The stage's incremental gain,
R201 provides negative bize to the first gate. [R204A203] is a voltage divider. Extrinsically it
provides the posilive bizs for Q201" second gate. [R205,0204) is extrinsically a low pass filter that
keeps the top of R204 DC-fived despite RF on the second gale, the drain, or the power port, From
the power porl’s point of view [R205,C204) is intrinsically a series combination la ground, while from
the oscillator porct's point of view it is a parallel combination to incremental ground, C308 and C111
are DC blecking capacitors for their respeclive ports, One final piece of extrinsic commentary on the
mixer is that L201 is center-tapped so as to insure that the O of the output .lunal:l circuit is sef by

R206.

3. INTER-STAGE DEBUGGING

Let us examine the locatization process in more detail at the lavel of signal processing -- inter-
stage debugging. Suppose the RADIO expert is presented with this radio and the symptem NO
QUTPUT. The RADID experl, as per the scheme of Figure 1.1, checks his power Input parl (lo make
sure that the receiver is plugged in!) and then the antanna termingl to see thal there is some signal to
process. Next he chechs the outpul port and verifies thal there is no signal leaving -- as claimed.
The RADIO expert cannot open any of his submodules and look inlo them. He must be conten! o
examine their porls and compare whal he sees with what aught to be there.

Because bugs in the power supply have such global consequences, the RADID experl is
prejudiced toward proposing problems in the power supply first, Each pnw.ur supply ouput port is
proposed in turm a8 having an incorrect voltage. The proposal is deemed sabisfactory if the obvious
measurament shows the vollage to be incorrecl. (Correciness is deduced fram the exlrinsic
commentary on the power supply) IF any such port does not pass inspection - say, one o the audic
seclion -- SUSPICIOUS-PORT is applied to it. SUSPICIOUS-PORT medistes belwean stage experts, Ii
is experi-specific imperalive knowledge, &g a chunk of code whose use is known lo stage experts,

As is illustrated below, it catches complaints from inferior euperts and recommends to the calling



expert’s proposer what port should be suspected next. SUSPICIOUS-PORT detarmines if sither: i)
The faull is in the source of the port (in this case the power supply} for not praducing the right stuff
ab init 'fal. 2} The Tault is in a target of the porl, say the il..ldinlibtﬁ-nl'l, for averloading the port, 3)
Overloading by the fargel has caused a failure in the source. 4) Or overdriving by the source has
caused a failure in the target. Thus the RADIO exper! would first call up ivia SUSPICIOUS-PORT) the
FOWER-SUPPLY expert, then the AUDIO-SECTION expert, as both may have bugs.

If, howewver, the power supply ports are OK, the RADID exper! proposes that the next place to
look i the oupul module (in this case the audio sectionl Thus SUSPICIOUS-PORT is applied to the
outpul porl of the audio section. Previous verification of the radics bad outpul makes an audio
section bug a satisfactory proposal. (MNobice thal since this port has only an input side, SUSPICIOUS-
PORT has ondy the first oplion listed sbove) The AUDIO-SECTION expart, when called, checks his
npuls and finds, lel us say, no signal on his signal input port. He complains to the RADIO expert {via
SUSFICIOUS-PORT), his caller, that he has been unfairly accused. He recommends thal SUSPICIOUS-
PORT be applied fo the audio section's input port == the port between the RF and audio seclions. This
causes: 1) the source (RF sacltion) to be suspected of not generaling & correct signal, 2} the audio
seclion fo be suspected of presenfing a low input impedance, thus overloading the port, and 3) (a
prieri unlikely) the audio section has fault 2) causing faull 1) Whether or not the AUDID-SECTION
expert s called 1o check possibilities 2) or 3) depends upon whal the RF-SECTION e¢xpert returns, [f
the latter comes back empty-handed or with problems near his output part (which he will explicitiy
indicale), 21 and 3} must be investigated. Otherwise, SUSPICIQUS-PORT will be satisfied wilh
explanalion L)

The RF-SECTION expert is called and the bug is similarty traced Is it clear thal this process
can be continued recursively until some particular slage {or palr of slapes) accepls the blame for the
trouble? There is a possible hilch -- feedback. Suppose we come into the RF-SECTION exper! with
the symptom DISTORTION ON STRONG SIGMNALS and suppose that the distortion firs appears on the
output port of tha IF {intermediate frequency) strip. s it possible thal peither the IF strip nor the
defector is responsible? Yes! Notice that in addition to a signal port, the IF strip has auwiliary input

ports for power and confrol. A possible cause of the problem is that the automatic gain control (AGC)



h1:15$ has become inoperalive allowing a strong signal o overdrive [Fel info non-linearity. The
procedure that we have described can, in facl, catch this. The IF-5TRIP experl, on checking his
inputs, will discaver that the confral inpul is mcorract far the signal input. {Notice thal descriplions af
contral signals must reflect their dependancies an olher signals.) The RF=SECTION sxpert will then
pass the frace back; SUSPICIOUS-PORT will be applied ta the porl between the AGC buss and The IF
strip, Now, in Tacl, the wnput signal to the AGT buss is distorted. The AGC-BUSS expert, however,
does nal care whal his inpul signal looks like other tham its having some minimal average voltage.
Since most any input to the &G0 buss will do, the problem must be in the AGC buss or in the IF sirip.

0f couwrse, one could imaging feedback situations in which the detals of the signal fed back
really did maltter, In thal case some sub-sechion expert would have passed the lrace back fo & point
atorng the signal path that had already been visited. This is a tip off to the calling expert that he is in
a loop and had beller do somelhing to break it. The generasl solufion to the problem is o choose
some podinl in the feedback loop where it can be broken by terminating the oulpul side with th-a.
correct load, and simulating & good signal and source impedance at the input side, Tha decision as to
where the loop should be broken will be based on the feasibility of supplying the correct terminal
condiligns and Yhe mechanical inconvenience of actually executing the break,

How does LDCAL know whal signals it should find at the porfs of the verious modules? This
infarmation is implicil in the extrincic descriplions of the modules. The extrinsic description of the
radio is that it is a device thal decodes RF encoded audio information into the base sudio. This
descriphon tells us thal the inpul to the radio must be RF and its outpul is audio, Mow owr radio is
compased of an AF seclion whose exirinsic purpose is to sense an :;hpﬂlude: modulated BF voltage and
put out an audio volfage thal Tollows the modulation. This latter description not only defines the 170
properiies of the BF section but further specifies the inpul porl signal of the overall radio. The RF
sechion has a converler that mives down amplitude modufaled BF to AM-[F al 455kHz. Such charac-
ferizations go all the way 1o the bottom of the hierarchy. The transformational descriptions
embodied in the modules” axirinsic descriptions serva to define and refine the nature of the signal ai:
gach porl, Consequenlly the obvisus first task LOCAL should carry out {on a radio it has never seen

before) is 1o walk over the module hierarchy describing what the signals should be like al the ports.



Mote the great power of the extrinsic descriptions: they allow LOCAL to make gqualitafive
predictions about the oulpul signal whenever the ingul signal is as regquired. The escential properties
of eireuits can be predicled mare directly than might seem possible {using intrinsic descriptions) by
ignaring two kinds of information: the precise and gory details of the signal, and the nature of the
output when the input is nel as the designer expected Suppose thal LOCAL knows that the mixer
stage of Figure 2.8 has al ils A¥ input port a 1000kHz signal, amplitude modulaled at 100Hz. LOCAL
deduces rom the axtringic description thal the signal at the output port is centered at 455kHz and
amplitude moduleted at 100Hz. Indeed LOCAL could have deduced the same outpul from the intrinsic
descriplions indicaling that the miver is a variable gain RF amplifier wilh narrow-band output wherein
the gain is governed by the sinuscidally varying oulpul of the oscillator. Some algebra and the
concideration of the ouput filter would yield the desired result, bul with considerably more work. Of
course the intrinsic computation could also tell LOCAL the effect of the oscillalor’s oscillating at
555kHz as well

We also think that extrinsic descriplions are the essence of the "sfructure” in structured

programming. Imagine for example a file system having a file deleting subroutine. The

tact that in the course of execution this subroutine manipulated cerlain inlerlocking

mechanisms is irrelavant to undersianding ils extrinsic behavior as an agent for deleting

Tiles,

At this point we must admil that we over-simplified when we explained the infrinsic/extrinsic
dichotomy as “what it is" versus "what it does™ The deeper one goes inle the hierarchy of extrinsic
description of the radio, the more one discovers how the radio is implemented Mote also that the

tracing technique we have described is applicable fo any “flow® processing syslem where the

processing has distinguished stages, e.g. chemical plants, programs, et

4. Intra-stage Debugging

Affer LOCAL localizes the problem lo some slage, how does it manage to come up wilth the
offending component? The analyfic tools used in infer-stage debugging are not appropriale wilhin
stages, as the nalions of signal and signal processing give way o the notions of voltages, currents and
|h1lp-=da1'n:=5_ M these three terminal variables only the first is conveniently measurable in an

operaling circuit. There must be a better way to isclale the faling component(s) than by removing



wvary componant fram the stage and verifying ils intrinsic specifications.

We expand the proposal/zatistaction/verification processing of Figure 1.1 info the recipe of
Figure 4.1. The first order of business, as in inter-stage debugging, is to verify that tha inpuls are
acceplable and that the oulputs show the symplams indicated. The naxt thing that happens is that the
DC mode polenlials are measured al the internal nodes (nodes not parts of parts) of the suspecied
slage. (This measuring process may be carried oul complefely or it may run @ a co-rouline with the
analysis of the hypothesized failure.) If the measured values are substantially the same as the values
an the schematic, then more than likely the problem is to be faund in some essentially AC subcircuit of
the slage. This observalion is important fe the next step in the recipe, the propesal of a plausible
failure in some componen!. As was the case with Lhe experfs encounterad in inter-stage debugging,
experis at this level have proposers with prejudices abau! what o try, given various complaints, As a
defaull oplion, 2 praposer might offer up failures in their a prier? order of cccorrence, If the OC
quiescent values are O, lhe proposal algorithen chould give higher priority to the consideration of
tailures of companents whose purposes are concerned with the stage's signal coupling o the oulside;
internal AC feedback paths should be given similar concideration. One might imagine that in the worst
case LOCAL blindly verifies the infrinsic specifications of sach compongnt, However, most proposals
can be eliminaled by the analysic packages which will atlempt lo reason farward from a hypothesized
failure fo see if it supports the observed AC and OC symploms of the stage. Finally 2 component
expert is called upon to verify thal the indicated componeni really iz the culpril,

This intra-stage localizalion scheme will wark vary effectively. When a component failz, ths
change in its behavior s rarely subfle, Typically a two-terminal component will have shorted or
opened. A fransistor is likely to suffer the same sart of failure al one or the other of ils jumclions, &
sel of such component failures sorted in decreasing likelihood of occurrence might be [transistar,
electrelylic capacitor, resistor, ordinary capacitor]. Most companent failures lead io significant
changes in the quiescent DT conditions of the stage. These changes almosi surely engender destartion
if not total signal loss. Thus mest hypotheses can be fillered out by a rather crude analytic program
called BIAS whose behavior we will describe shortly.

Blse 1o be comsidered are the number of stage experts and their expertise, Thers ara probably
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aboul two dozen gemeric sfage types lo be found in radios. The slage experts’ knowledge
encompasses the fypical manifesfialions of stage failures, typical slage input and output signals, a.nd
fypical features of implementations of the stage. Each type of stage can have redatively lew kinds of
manifestations af internal failures: amplifiers may exhibit distortion. They may escillate, or they may
deliver an output which is uniformly {in the freguancy damain) altenuated. An osciliator cen deliver a
distoried perodic signal, deliver a signal at the wrong frequency (including an apericdic signal), or
deliver no signal at all, & demodulator may exhibit *failure to follow® distortion. As Figure 4.1
indicates, experts are essentially the same from the procedural point of view,

Let us examine the workings of BIAS, which figures most importantly in infra-slage analysis.
This analysis is based on the feleclogy of blasing networks, combined with simgle gualitalive models
of various circult companents,

We know of no presantalions of such an informal medel in the literalure of electronics.

Cur conversations with people who are achive in the lield indicate thal they all use such

models, though perhaps not this one,
We will introduce the circuit model with a mechanical metaphor, It should nol be confused with the
precise mechanical analopue wherein capacilors, induclors, and resisfors .are isomorphic 10 springs,
masses, and dashpots respechively. The qualilative model we are using does nol sxplain resonant
networks, |t does gquite eflectively swplain biasing; the use of reactive components for bloching,
coupling, and bypasz; and -- 16 some axlen! -- |he large signal behavior of sclive components.
Consider the common emilter amplifier of Figure 82 There are rigid anchor nodes such as 4‘#":,[: and
ground; the stage exper! perceives these as being fiwed al some OC lavel. There are floaling nodes
such as the collectar of Q, whose potentials vary incremenfally with the prevailing signal conditions,
The physical model of a resiztor is that whan ona end of it moves, the other end of it will be pulled in
the zame direclion =- rather like a spring. Inductors and capacifors are similar to resistors, ewcepl
thal their "spring conslants™ wary with signal frequancy, Transislors have a more compley mechanical
behavior: a bipolar transistor, operating in the active region {emitler-base junciion forward biased
and lhe colleclor-hase junclion reverse biased} acls as if the base and eamitter were conpected by a
string about 0.6V long. This means thal the base (ematter) may “pull® the emilter {basel but not

"push™ it. For the purposes of the mechanical madel, tha connection between the emitler and collector



Bl

Rz

FIGURE 4.2

may be thought of as a resistor (spring) whose resistance (spring constant) varies weakly wilh base
current or emitler-base volfage. in addilion lo thasa slectronie properlies of the transistar, a
transisior can be operated in fopologically distine! configurations -- common emitter, common
collector, and common base == and in distinct duty cycle regimes -- class A, B, and C, Class A
cperalion is linear, class B operafion rectifies bul presarves amplitude modulation undistorled, and
class C operation throws away all signal information except frequency. BIAS can recoghize these
regimes from bias considerations. -

Mow let’s see how this qualitative physics is actually irnphmq;ﬂnl in BIAS. BIAS" purpose is lo

predict the effects of a change at one node on the other nodes of a stege. To thal end there are two



important computalional strucfures: the anfecedent rule and the propagalion path. Antecedent rules
describe how a change on one node of a component affects the component’s ether nodes. Changes
are r.,rlm:’;ed by assertions in a data base. For a resistor the rule is simple: when one node moves
{ie. its rode polential changes) the other node moves in the same direction -- but less so -- provided
that it is not a stalic node. BlAS maintains a partial order of the magniludes of nods potential
movements which reflects the fact that cne node of the resistor moved more than the other. Bypass '
and coupling capacilors have rules similar to that for a resistor, except that the applied incremental
change must be at the stage's associaled signal Irequency. A more complex component like a
transistor must have a collection of rules to raflect this complexily. The data base contains assertions
describing the operating configuration of the transistor {e.g. class A, common emiller, etc.) The
antecedent rules associaled with the transistor, though triggered by asserfions aboul node potentials,
must examine the configuration assertions to delermine whal causal behavior to reflect in the data
base. For the transistor of Figure 4.2, a change in the base potential will cause a change of the same
magnitude and sign in the emilter potential, The collector potential will meve in the opposite direction
with a larger magnitude of change.

Propagation paths are consiructed by BIAS to make convenient the compulation of initial
changes in a slage's quiescent DT conditions due to some component failure. Each floating node’ is
axamined and the paths atfaching it te fixed nodes are noted. (Mades that are part of lhe slage's
various ports are considered to be fived from BIAS's point of view.) For example, the base of the
transistor has the palhs: <B-Cp -+l <BRg,++Vee?, tE*RHE—FGNI}?. *iEl-#l'.]'.HL-H‘I.I'EE?.
<B-0,Rp~GND>, and ﬂH-nﬂl.CE--GI"'IEr-'. Propagation paths have comments aitached lo them, indicaling,
for example, thal a path with a coupling capacitor is a DC open wnbess the capacitor shorts. Similarly
a path with a radsw 1r:tquanc3.r choke is an RF open unless the coil shorls, Palhs that traverse P-N
junetions conduct in only one direction or the other, depending on the prevailing biesing condilions.
This means that if a diode becomes reverse biased, its two ends are disconnected in this model.

Thare iz a tinal rule fhat chould be wmentioned before proceeding o examine some analyses
carried out by BIAS. Motice that the antecedent rules that we have mentioned hold when a component

i true to its intrinsic description in the configuration indicated by lhe circuit diagram. Not only can



anfecedeni rules become invalid becavse of companent falures, propagalion paths may change as wall.
Hypothesized failures trigger the manufacture of a new data base confext for BIAS, containing
different antecedent rules and propagation paths. Antecedent reasoning done subseguen! lo the
hypothesized lailure will be reflected by assertions in the new context.

Suppose the presenting symptom gven to the stage expert is thal the slage (say, an audio pre-
amplifier} 15 exhibiling horrendaus distartion, In parficular, it seems to be delivering an amplified, buf
rechified, version of its input signal at ils autput parl. .

[n our initial presentation of the method of intra-stage analysis we suggested that all the

guigsceni node patentials may be measured first. In the present illustralions such

measurements will be dane by co-roufing with the aralysis and verificalion procedures.

Thesa illusirations are intended o exhibil the proposal of some wrong hypotheses and

their subsequent rejechion, followed finally by the hypothesiz and verificalion of the

actual failure.,

The epening of A is hypothesized. Hence the node C loses the one path holding it up to u-‘n'm. This
means thal © must fall. Actual measuwrement of C indicates that it bas risen with respect o ils nominal
value; so lhis hypothesis is rejecled. The mext proposal i that Hﬂ;_r is shorfed, (This hypolhesis
would not really come up because of its @ prieri improbability. 1t iz proposed hare out of itz a
priori order lo illustrate the mechanizm) This mears that the node B is shorted to ground. Actual
measurement indicates that that hat otcurred, Since this upsets the forward biasing of the emitter-
base junction, the transistor is cut off, ie. no collector currenl. Since there is no colleclar current
flowing, there is mo vollage drop across FI'L, henca C rizes fo Nm Actiual measurement supports this
conclusion. Finally the lack of collector current implies essentially zero emitter current, hence no
voltage lo speak of across Ag- 50 the emitter should have fallen to about ground polential. Actual
measureman! verifies this as well. We now have a hypolhesis which | veriflied by DO forward
reasoning bul it iz unsalisfactory because the shorted resistor couples the AC input signal direclly to
ground. BIA%: model of the fransisior indicates that in the common emitter configeration, the base
polential must be incrermantally variable in order for the transistor to be operalional. If fhe base is
shorled o a fized point, it obviously cannol vary. 5o nothing should be on the commoan emitter
amplifier’s output port. (We note that there s another component bug that satisties the DC

abservalions, but nal the AC anes: the shorting of the emilter-base junction) Finally the opening of

HEl is proposed. B iz held by \'B-iFi‘EE-uGl'm?, ﬂEI-ﬁQ,HE-tEI"ﬂ‘.ﬂ tB—lFI'Bl-u"-l'CE} and tE—-ﬂ.ﬂEaﬁrﬂ:,



“H"HE;l'”"'rcc" s osevered by hypolhasls and <B-QR, ++Vo-> and <B-(C~GND> are DC opens by
virtue of the collector-hasa junction and bypass capacitor respeclively. Consequently B is hald up to
#¥op (known 1o be posilive wilh respest to ground) by one path fewer; hence B musl fall. In fact il
should fall to ground since iF is held by no other positive fived poent, Mow the following causal chain
ensues: since B has fallen to ground, the base current lor Q is 2ere; hence the coflector and emiller
currents are aboul zero as well. Finally there is mo voltage drop across HL ar EE cimee there iz no
current in them; s6 C must rise to about +'l||'m and E must fall to ground. Al these DC conclusions
correspond fo the DC facts as measured Given the way the fransislor is now biased, only posilive
swings of the input will result in collector current, Le. the stage is operating as a class B amplifier. So
we have a complele explanation of the original complainl. The resister experi iz called on to verify
ihat |-'|'H| has openad. [F exfracis HEI from the circuil and tesls its intrinsic properfies. The resislor
exper| reporis thal Rﬂl iz indeed open, which camplales tha localization .

The fallowing example shows how a compound failure is handled weing the hypothetical context
rule we desribed above, Suppose that LOCAL has just diagrosed an open emilter-base junction and
that Q is replaced to effect a repair. The sama bug recurs in the “repaired” circuil. LOCAL now must
erferfain the unpleasant possibility of a compound failure — one in which the observed failure of ':l' i5
a consequence of some deeper cavse. LOCAL must come up wilh such a failure. The failure of O now
becomes a symplom of the as yel urknown cause. LOCAL musi enler a new pass of proposal and
verificalion. Supposa im lhe second pass al proposal the opening of HE] iz hypotheasized, The
reasoning fhat we saw previously shows thal the current flowing i the cofleclor (emilter) would
decrease to ofs operabing mimimum, This state of affars is qwite unbkely o lead fo the opening of a
tramsstor junction that we krow to be the case. Hence the opening of HBl is rejected. Mext the
opening of Bg- is proposed  Indeed the base bias potential would rise toward +Vinp, causing the
collector {emitter) current to be large, and having the possible secondary effect of opening the
emitter-ha.sa junclion. &clual OC measuremenis on lhe transistar show that the base bias has
remaned gssentially at the level set by the voltage divider, Consequently the opening of RE? must be
rejected. Finally the shorting of Cp is hypothesized. The paths holding on to E are <E-QR ++V0m,

<E+Q\Rg =V <E+QFgy~ GND>, and <E-R-+GNC=. Again paths containing healthy capacitors are



ignored. {:E‘-. shorfing means that £ is pulled hard to ground. In order for B to track E, the
impedance seen by B looking into () had belter be very small. Allernatively, if the vollage drop scross
Rgy becomes big enough lo allow B to fall within 0.6V of ground, the current through Ry, increases,
andd the difference goes fhrough lhe transistor, Thus the collector current of the trarsistor must
imcrease, increasing the thermal dissipation of the fransistor, perhaps gxceeding ils rating. If mo
subsequent failure occurred, all the floating node pofentials would fall, which is incompalible with
observation, Three consequent failures are possitle te hypothesize: the apening of the emiller-base
junchion, the opening of the collector-base junclion, or the opening of Rl Since the firsl consequence
corresponds 1o the aclual state of allairs as analyzed and veritied once befare, the shorting of Cgis a
salisfaclory hypothesis. The capacitor ewpert is called to verify a shorted Cp as proposed.

Lel us now consider bwo olher stagas types, an IF amplifisr and an AM peak detector. The
molivation for examining these iz two-fold: first we should like to illusirate some faull proposal
knowledge that is stage-specific. Also the bugs in fhese slages will serve as an introduction to a
more precise analytic tool, AEDES. Consider the IF amplitier of Figure 43, Having localized the failure
to this slage, LOCAL presents the stage expert with a complaint of no output at all. Following the
recipe presenied al the beginning of this section, the stage exper! discovers that the hias polentials
are all up o specifications {thus The transistor is probably OK). He passes to more specific knowledge
about IF amplifiers. He knows thal IF amglifiers, being narrow band, usually have narrow band
filtering networks at their input and cutput perls. Furthermaore, in order to gel a signal out of the
amplifier, these filters had betler agree as to what band they want te pazs. There are bwo
mechanisms that might cause the pass-bands %o disagree: the canter frequency of ane filler has
moved substantially wilh respect fa the center frequency of the ather. Alternatively, the skirts of ane
{or baoth} of the fillers may have been "squeszed” Since skirl width is controlled by circuit
resistances, Th; & priori probability of the first explanation is much higher. (The foregoing is
encoded in lhe proposal prejudices associated with this stage.) So we need a narrow band filter
expert whom the stage experf can ask for failures thal might move the center frequency. The filter
expert, on recelving the complaint of frequency shiff, might iry an independent test to verify that that

is indeed the case. This could be done by injecling a test signal into the filter. Having decided that



FIGURE 4.3

the center frequency has indesd moved, the pracise nature of the failure will be determined with the
help of AEDES, The expert does an analysis of the same form as those we have already looked at:
proposal, forward ressoning, wverification. The difference is thal AEDES is the inference fool for
forward reasoning. [n the presen! case the failure of some component in the fured circut would be
proposed, The transler fumction of the bug-free funed network would be computed by AEDES. Then
the transfer function of the nefwork with hypothesized bug would be computed. This would enable
LOCAL bo compare the characlerislics of The buggy circuit with the consaguences of the hypothesized
bug, If they match, the appropriale component expert is invaked for verification,

Mow let’s look at the narrow-band peas ervelope delecior stage of Figure 4.4, The operation
ol this detecior {which 5 reflected in the exirinsie commentary on ifs parts) can be wnderstood as
reclification followed by low pass fillering. Suppose lhe presenfing complainl aboul the slage were
that it had no audws autput al all, Indeed some possible underlying causes for this mamifestation could
be undersiood in terms of the mechanical metaphor we presenlad earlier. {By "understand” we mean

forward causal reasening fram the hypothesized lailure to the observed manifestation) If the
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problem were that the diode had shorted, we doubt thal tha manifesialion could be underslocd other
than by doing a detailed AC circuil analysis. AEDES could be used 1o compute the transier lunction of
the dateclor stage under the conditions of tha hypolhesized shorled diode. The signal bransformalion
properties ol {he slage -- with the suggested failere -- could then be compared with the observed
transformalion properlies. 1f the match is good, the appropriste componeni expert would be invoked
for veriticatron. Matice that this is a parficularly trivial detector. A more complex ane like Figure 4.5
really calls far rather precise analysis 1o come to grips with its failure mechanicms, eg. whal happerns
if ane diode opans? We should aleo point out that there ara more subtle bugs in peak delectors than
the one manbioned. & defector may exhibit inculficient bandwidth or selactivity, 1t may also exhibit
"ripple” diztartion, "ailure fo follow” distortion, or distortion due to improper offselting of the diode
voltage drop. &6 of these bugs can be undersioad anly by understanding the detailed AC operalion ol
The circuil,

REDES s the computational tool for understanding deteiled circuit behawvior. AEDES models
circuits im berms of rode egualions and system funclions. Thal, however, is whare the similarity with
other circuit programs ends. (See for example <Penfield 1971> and <Derfouzos 1967>) AEDES is
purely symbolic in two senses, First of all, cireuit descriptions are in terms of absltract algebraic
parameters rather numeric descriptions. (0F course the paramelers may be bound fo numbers and
evaluated if desired) Thus circwst behavier can easily be examined under the variation of paramelers,

including the exlreme condifions of zero and infinity. The second sense in which AEDES is a symbaolic
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analysis tool, is that it has access lo the hierarchical descriptive structure that LOCAL imposes on the
radio. This parmils new networks to be anabyzed in ferms of previously analyzed sub-nelworks,
Although AEDES is a completely general cireult analyaiz system, it is aleo wary axpensive 10 use,
Consequenily we will limil ils use to precisely the kind of intra-stage problem thal we have jus!
putlimed. [AEDES is nof unlike a complele proof procedure: to be used only when clever, fasi
methods fail.} With guidance from the slage experl, AEDES can defermine the algebraic descriptions of
the relevant pass bands of the IF amplifier. This descriphion, suitably evaluated, would slfow the
narrow-band filler expert to defarming how various component failures might affect canter frequency,
Similarly, a suitabla piece-wise linear .rrmdel of the dicde would allow a detector expert to delermine

how the low-pass filler at the detector’s aulpul might be atfected by various component {ailures.
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