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I Introduction

A simulation.of a particular system may be undettaken:for either of
_tuo reasons; first, to attempt to predict the actual behavior of the
sgsteﬁ..and secoﬁd, Eo investigate. the structuré of the-sgstem.. In the
first case, the output of the mode[ given a particular input.is the only
_item of interesf. An example of this type of simulation is a simulation of
a football game to determine a profitable bet.

More frequentig.-the input-output behavior is not the only
interesting characteristic of the model._.Nhen one is dealing with poorly
understood systems, the pu;pose of simulation may be to develop a better
model of the system. In this case, the actual’ behavior of-the model is not
‘enough —- the investigator needs to know why the pahticular'model does or
doesn’'t work., Of course, in simple cases; the desiéner can infer the cause
of failure from the obéerved input-output behavior of the model. Houwever,
this task can become insufmﬁuntable for more compfex model s.

The purpose of my thesis is to investigate a languagg (ARSE
<Sussman 75>) uhich offers several advantages over conventional simulation
languages. ARSE is designed for use with an interactive time-sharing
envirpnment.. The user monitors the simulation while. it is in progress'and
may interrupt at any time to investigate the reasons for the model’s
behavior and possibly to change the model or the input. 1f the user does
make changes, ARSE saves all the work which isn't affected by the changes.
Since ARSE remembers the reasons for every datum produced, it is ableito
explain the behavior of the model in terms of ARSE’s reasoning processes.
The user may use symbolic variables as input values, in which case ARSE

will express the output as a function of the input variables.



II Models and Simulatiop

IL.A Model Descriptions

It is common, when designing-a simu}ation model; to begin with. a
diagram of the sgsiem beingfmodeleq. uhere boxes in the diégram_reﬁresent
parts of the model, and Iinés represent paths of flouw of material or
information betuween the parts. The usefulness.of a diagrammatic |
description is attested to by fhe fact that it is the preferred mediﬁm fér
humans., It is a concise and transparent means of deseribing the model.
Diagram descriptiong are de#larative in nature. For example; in the world
of electronic circuits, a symbol which represents a resistor is interpketed
as saying, "this part is a resistor.” A Iine.means "this part is uired to
this other part."
| In order.to discuss diégrams easily, 1'1I define some terms. ég
part, I mean a box of the diag?ém.' Usually each part is an.instantiation
of a‘part-type, an entity whose behavior‘is well-knoun. . As an example,
"Q101" could be a part in a circuit éiagram. with corresponding paft—type
"bipolar-junction-transistor”, Lines in the diagram will sbmetimes be
referred to as connections. A Ifne is connected to a part at a terminal of
the part.. Hence a diagram of an assembly line would have a !ine from the
"out" terminal of one assenbly station to the "in"_term}nal of the assembly
station which follous it. 1'll refer to parts and lines collectively as
the elements of the diagram. See figure 1 for an example of theée
conventions.

For the purposes 6f simulation, a diagram description must be
transformed into a computational description. Most languages require that

e encode the flow of material or information as events-and, for each part
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Figure 1 -- Diagram Example

in the diagram, urite code to interpret énd generate events. The
declarative elements of the diagram description are transformed into
imperative constructs, blocks of code to carry ouf the appropriate
operations. This transformation does not preserve the full pouer-of the
diagram description. There are a multitude of qperatibns uhich are fairly
natural on a diagram, but which are extremely aukward with a computational
description. For instance, with most computationai descriptions,
simulation time is monotone increasing. There is no similar constraint on
diagrams, making it just as easy to find causes given effects as it is to

find effects given causes. An additional advantage of diagrammatic



Idescriptions s the ease of modification. To effect a change.in the model,
one need only change a connection, or change a-part's declared tgpé.

'ARSé dées, in fact, use diagrammatic descriptions of models, and is
perfectly cohfortab!e Hith reverse inference. Houevér. ARSE in no wWay
exhausts the benefits of the diagram description. For example, direct
simplification of the diagram may be possjble, a fechnique which is
extremely useful in the domain of electronic circuit Qnalgsis. but of which
ARSE is ignorant. .

Obv}ouslg,.if the model is to be cqmplé{ely specified..the part-
types used in the diagram must be well defined. -Kncufng that a parfiéular

part is a resistor is not useful unless we knou exactly what a resistor ig

.

Hence, an important part of model ‘construction with ARSE is the definitio
of part—tgpeé. Usual ly the part—tgpe definitions érq declafative in
nature, too. HMost definitions simply specify a mathematical relation

betueen varfables defined-at the terminals of the part-type.
I1.B The Representation of Time

The greatest difficultg:in uriting the hog—farm simulétion uas the
representation of time, In fact, ARSE’s ability to pass symbolic
information was compromised somewhat in this area. In the original
application, eiectronic c}réuit analysis, the explicit treatment of time is
not necessary.

ARSE attempts to find a value, numerical or sgmbolfc. for each
terminal in the mode! description diagram. The assumption is that each
terminal has one corfect value. Thig is at odds with the usual

interpretation of diagrams, uhere the value of a terminal varies with time.




Conventional languages handle this easily, using a- simylation clock and
changing the values of terminals as required. If we collect the value of
the terminal at each point in simulation time, we obtain a time-history of
the terminal,'uhich'lhcall a schedule. Since ARSE does not have a clock,
it uoéks direcflg with schedules, i.e. the value of a terminal will be a
complete schedgle. This is ce}tainlg not the only uag.to do it, but it is
the easiest to work uwith that I could come up uwith.

Schedules are represented as one-dimensional arrays, with the ith
entry representing the value at the iiﬁ time fnterva!l An entire schedule
. mag‘be represented'bg.a’ggmboliclexpression. but an ‘individual entry may
not.. Certainly this compromises the symbolic manipulation in_general but
it doesn’f seem to -hamper the effectiveness of the simulation.

The effectiveness of ARSE’s ability to handle symbolic expressionsl
depends upon the .operators aefined. Symbolic expressions are completely
unuieldy unless ARSE is able to simplify them. Consider the effect if no
~simplification is-performed. Each part in the chain betueen the input and
outﬁut in questionAuill be given a symboltc input value, and will express
its output as a function of its input. " As the symbol ic expression
propagates through the chain, each part will add at least one level of
functiona! composition. The end result will be an expression which is
.incomprehensible.

Hence, it is important .that the set of mathematical operations used
be amenéble to simplification. It is also important that each operator
have an inverse, so that ARSE can perform reverse inference.

Unfortuéatelg, these goals uere only. partially satisfied, }esfricting
somewhat ARSE's effectiveness. This is only partly due to the design. The

use of schedules requires the use of some operations which slightly inhibit
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simplification, and which, more importantly, do not have inverses, For

example, the operator uhich converts weekly schedules to monthlg schedules

does not have an inverse.

Feedback loops are another source of difficulty. With conventional
languages, feedback loops cause no difficulty becégse of the use of the'
simulation time clock. The uée of schedules in ARSE, houever, leads to an

jmpasse when feedback loops arise. Consider the teedback loop in figure 2.

This diagram has two parts, defined by functions r1,'r2 and f3. Part A has

fhree terminals, Al, A2 and A3. Part B has three terminais labeled B1, B2

and B3. 1IN and OUT are external terminals. IN has acquired-a value, a

:schedule which 1 have abbreviated by $C3. Whether SC3 is an actual

"numerical schedule or a symbolic expression doesn’t matter. ARSE will

propagate SC3 as the value for terminal Al, but then caﬁnot proceed
immediately. It needs values for bath AI and'AZ in order to find A3.
Likenise, it needs a Qalue for BI before it can find B2 or B3. The
solution is to give one of the terminals in the feedback loop a symbolic
value, as in figure 2.2. BI has been given a.sgmbo!ic value, X. INou ARSE
deduces that the value of B2 is f3(x). This value is propagated as the

value of A2. Nou we find that the value of A3 is FI(5C3, F3(x)). Nou it is

- possible to solve for x, as long as the functions Fl and F3 are uell-

behaved.

There are other approaches to the feedback problem. It is possible
to embed a closed-form-solution in the definition of a part-type which
contains the entire feedback loop, as in figure 2.4. ARSE also brovides a
mechanism (see section YV} for making assumptions and backtracking which can

be used to solve feedback loops.
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Figure 2 -- Feedback Loop
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IIT Using ARSE

I11.A ARSE Introduction

ARSE is a system developed by Gerald J. Sussman and Richard M.
Staliman to support an electonic circuit analgsi; prégram. It is uritten
in MACLISP. <Moon 74>- ARSE consists mainly of a pattern-matching data.
base, a prioritg'QUeue contral structure, and some stuff for defining partf
types and loading model'descrfptions. Every result that ARSE_bbfains is
put into the data base as a fact of the form '

' (<pattern> FACT <fact-number>}
Whenever such an item is obtained, ARSE also prints it at the user'’s
terminal to keep him informed of the simulation's progress.. As in diagram
descriptions, models are constructea from parts, each of uhich is an
jnstance'of some pre-defined part-type. Most facts assert a value for some
terminal of a paétiquaE part. For examplé, if we have defined a part-type
called pen, and have specified that a part of our madel called sow-pen is
of part-type pen, a typical fact would be

((=I(HOGS~IN'SON-PEN) HSCHEDULE-263) FACT F201)
where "hogs-in" is a terminal of all pens. #SCHEDULE—263 is an array which
represents the schedule of hogs érriving at the sou-pen. Unless inétructed
otheruise, ARSE @ill not list the actual schedule, which mag.be lengthy.

Each part-type is defined by one or more Taws. Each. lau has a.set
of triggers, each of which corresponds to one of the terminals of the part-
type. HWhen a fact asserts a value for a terminal specified by one of the
triggers, the law is triggered and may assert a value for any other
terminals of the part in question. In order to explain how laus are

written, it is first necessary to describe the pattern-matching.
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Tuwo patterns match if and only if they look exactly the same, with
.the follouwing exceptions. Any variable preceded by "I," is to be evaluated
before matching is attempted. Hence "(foo bar)" matches " (foo !,x)" if and
only if the value of x is bar. A variable preceded by "!>" may match
anything, and the variable is bound to whatever it matches. So "(foo bar)"
will always match "{foo I>x)", With the side effect of binding x to bar.
The prefix "1?" means the same thing as "!,", sort of. Its other
properties are unimportant in this context.
The form of a lau is
{law <lau-names ( -variables- )
{ -triggers- )
<body> )
As an example of a lau, consider hog-sell:
(lau hog-selt ({mrktx market) hogs price income cut) :
(= (price/cut !?mrktx) !>price) s triggers
(= (average-cut 1?mrktx} I>cut) .
{= (hogs-in !?mrktx) I>hogs)
(= Cincome !?mrktx) !>income))

{equation 'income .
" (sn8% hogs (&x price cut)) ))

sbody
In this case, the terminals are price/ecwt, meaning dollars per hundred
pounds of hog, average-cwt, meaning average. Height of hogs, hogs-in, and '
income. | |

The following remarks should make hog-sell fairly clear. The
convention for variable declarations is that the first variable in the
list, in this casg'mrkt*, Will.be bound to the part’'s name when the lau is
triggered. The declaration of mrktx also specifies that it can only match
names of markets. Note that each trigger, if successfully métched. causes
a variable to be bound to the value of a'terminal. The function sn&x

represents multiplication of an array by a scalar. The function &

represents multiplication of two scalars (see appendix 1 for a complete



13

list of the arithmetic operators.) So, the body of hog-sell indicates that
income is equal to the product of hags, price, and cwt. The function

equation enforces this relation in the following Qag:

(1) if all but one of the terminals have values, equation will
solve fog the unknoun and assert its value in the data base.

(2) fé more than one of the terminals is anpoan, equatidn uill
simply returth Note that the lau uill be triggered again if one of the
unknoun termihals becomes knoun. |

(3) if all terminals have values, equation qill make sure that the‘
equali%g relation is true. If it isn"t, equation will cause a
contradiction (contradictions are discussed in section. V), If one or more
of . the terminal values is symbolic, equation uwill attempt to find values

for the symbolic variables used.

II1.B A Simple Example

Let's suppose that a simulation of a hog farm is in progress, and
that ARSE has reported_deducing the following facts:

((= (HQGS;UUT BOAR-PEN) #SCHEBULE-263) FACT F209)

((= (HOGS-IN BOAR-MARKET) #SCHEDULE-263) FACT F201)

((= (INCUNE_BQAR—HARKET) #SCHEDULE-B6) FACT F202)
In this case, boar-pen and boar-market are two of the parts of the model
being simulated, each of part-type market. The values are again'one—
dimensional arrays in this-case, abbreviated for readabflitg. So fact F202
.means that the inéome generated at the boar-market is g&ven in #schedule-

66. If we want to know more about fact F202 the appropriate question (with

ARSE’ s response) is:
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(uhat ' (income boar-market)).

((13 768.8) (26 766.8) (39 768.8) (52 7608.0) (65 78859)) (F282)
This means that $768 was generated in each of months 13, 26, 38, etc. 1€
ue uant to know how this fact uas determined, we can query ARSE:

(why ' 202)

ANTECEDENTS OF F202 (= (IMNCOME BOAR-MARKET) #SCHEDULE-B6)

F67 (= (PRICE/CWT BOAR-MARKET) 38.0) '

FB8 (= (AVERAGE-CWUT BOAR-MARKET} 4.8) .

" F281 (= (HOGS-IN BOAR-MARKET) HSCHEDULE-263)

F66 (1S-A BOAR-MARKET MARKET)

D19 HOG-SELL :

OK?
ARSE responds with a list of the facts needed to deduce F2082, along uith
the name of the law used to make the deduction, in this case the law named
"hog-sel!l", which Wwe examined in section I11.A. The bon of hog-sell’
consisted of an equation of four variables. The facts F67, FB68, and F201
provided values for three of those variables, and the fourth uas asserted
by calling the function equatioﬁ. Since hog-sell only apblies to markets,

the deduction also depends upon fact FB66, which asserts that boar-market is

a market.
I11.C "Wiring Up" a Model -

Once each possible part-type has been defined, models may bé
constructed from them. There are tuo basic operations involved. Ffrst.
each part must be declared, specifying its name and part-type. Second, the
connections betueen the parts of the model must be specified. A list of
the desired connections is passed to the function connect, 1t asserts the
connections in the data base in a form that a special lau called propagate

recognizes. In the previous exampte, "(hogs-out hoar-pen}" was connected
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to "(hogs-in boar<market)" -in this fashion. The-effect of this connection
may be examined by tgpfﬁg |
 (uhy 201 |

ANTECEDENTS OF F201 (=.(HOGS—IN BOAR-MARKET)- #SCHEDULE-263)

F112 (OUTPUT (HOGS-IN BOAR-MARKET) N189)

F208 (= (HOGS-0UT BOAR-PEN) H#SCHEDULE-283)

F111l (INPUT (HOGS-OUT BOAR-PEN) Ni@3)

D29 PROPAGATE

oK?

Apﬁarentlg. the coﬁnection uas effected by creating a node, NI09, and.'-
making " (hogs-out boar-pen)" an input to thé node and " (hogs-in boar-
market)" an output of the node. The lau propagate is triggered uhenever an
input or output value is determined and aséerts tﬁét the sum of the inputé
is equaf to thé sum of fhe outputs. In simple cases, uWith only one input
and one output, this has the effe;t of jdentifging the~tﬁo terminals‘gjth
each othert The process of constructing a model out of predefined part-
types is referred to as "uiring up" because of the obv}ous analogy to
wiring an electronic circuit.

Usually, a model is wired up and the simulation begun by calling
p7an.-.An example of the use of plan is given in figure 3 and figure 4. In
figu?e 3 the model is named toyfarm and a 3-year simulation is specifiéd.
The pérts are declared and some of their terminals are giVen initial
values. The first part declared is br;pen, which is an instance of part-
type breeding;pen. "This line will cause the facts F42 and F43 to be

asser ted.

((= (DELAY BR-PEN) 3.0) FACT F42)
((= (FEED-RATE BR-PEN) 31.5) FACT F43)

The declarations of the rest of the parts are handled similarly. Figure &4
lists the connections required to wire up the model.. Figure 5 represents

the same model in graphical form.
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{plan toyfarm 3 . 3 analyze first 3 years

{parts (breeding-pen br-pen {(delay 3.0) (féed—rate 31.5))

{farrouing-house fu-house ' {feed-rate 91.0))
{pen gestation-pen. (delay 13.8) (feed-rate 31.5))
{(pen non-breeder-pen (delay 3.8) (feed-rate 31.5))
{pen finish-house ~ {delay 6.8} (feed-rate 64.8))
{(market finish-market (price-cut 52.48) (average-cut 2.2

})
(market non-breeder-market (price-cut 45.80) (average-cut 3.9))
(source sou-source (price 180.8))) |
(connect . . .

})
Figure 3 -~ Sample Part Declarations

IV Hilltop

IV.A Notes on Confinement Hog Production

Before presenting a full-fledged model, it-seems best to outline
the basic opera&ion of confinement hog farming, wuith pafticular attention
-to Hilltop farm. Confinement hog production is a.method uhereby all hogs,
except the breeding herd, are kept inside specjallg designed houses. The
breeding herd and boars are kept in outdoor pens.‘ The breeding herd, is
divided into groups, typically three in number, Breéding is accomplished
by placing a g}oup of sous in the breeding pen uith the boars for three
weeks. Souws which do not conceive uill be sold at market. It takes a feuw
weeks to tell whether or not a son has conceived,

Sous which conceive successfully are placed in the gestation pen

-
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{(plan toyfarm 3 S : analyze first
(parts . . . )

(connect -(1(hogs-conceived-out br-pen))
({hogs-in gestation-pen)))

{( (non-breeders-out br-pen))
. ({hogs-in non-breeder-pen)))

"({ thogs-out gesfation—peh))
{{hogs-in fu-housel))

{({hogs-out non-breeder-pen))
- {{hogs-in non-breeder-market)))

({(hogs-out fu-house)
(hogs-out sou-spurcel)
({hogs-in 'br-pen}))

(({pigs-out fu-housel)
({hogs-in finish-house)))

(((hogs-out finish-house))
((hogs-in finish-market)))

({(feed-in br-pen)
{feed-in gestation-pen)
(feed-in fu-house)
(feed-in finish-house)
(feed-in non-breeder-pen))
({feed-out milll)))

(((feed-cost milll)
{cost sou-source))
({expense bankl)))

(((income finish-market)

{(income non-breeder-market))
{(income bankl)})})))

Figure 4 -- Sample Connections
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for a period ofithirfeen weeks. Then they are placed in ﬁhe farrouwing
house. To farfou means to give birth to pigs. Farrowing usually takes
plaée about f0u; ueeks after the sous arrive in the férrog]ng house. An
average.litter can range from 8 to 18 pigs. The 30@3 nurse the pigs. for
another four weeks, bringing the sous’ total time spent in tﬁe farrouing
house to eight weeks. Fr&m the farrowing house they return to ihe'breéding
pen.  Hence the complete cycle for the sous takes about 24 weeks. The
-groﬁps of sous are bred at staggered intervals of eight weeks to ensure
eff{cient.use of the farrowing house. The number of sous in a groﬁp is
dictated by the size of the farrowing house. In the case of Hilltop Earm.
there are three groups of 38 sous each.

Thé pigs are sent from the farfouing house to the grouwer house,
where they remain for eight weeks, and then to the'finfshing house, uhere
they remain another eleven.ueeks. They are then sent {o market, Weighing
about 228 pounds. | '

The boars are kept for one year and replaced'frpm outside the farm,
After tuwo litters the sous in the breeding herd are replaced with gilts
(female virgin pigs) f;om the finishing house. .

The hogs are fed mostly on milo and corn. H}Iltop has a feed mill
uh%cﬁlmixes and grinds the grain. The main sources of expense are
capitalization, feed, livestock replacement, veterinary expenses, equipment
maintenance, market and hauling expenses, and labor. Income is genherated
by sale of slaughter hogé. non-b?eeders. replaced boars; and replaced sous.

Capitalization expenses were never incorporated into the model.
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IV.B The Hilltop Model

The most common data type used in the model is the schedule.
Schedules are coded as one-dimensional lisp arrays. All schedules are
weekly except for dollar schedules, e.g. "(balance bankl)", which are
monthly. Exceptions to this rule will have names clearly indicating so,
e.g. ."(mnthly~pigs-present hilltop)".'

Part-types are defined for pens, markets, sources (where gilts and
boars are purchased}, mills, veterinarians, banks, and labbrers. In
addition, there are some laus written for part-type hog-farm, which
requires a little explanation. Actually, when plan is-called to uire up
thé model and start the simulation, the first thing it aoes is assert

((1S-A HILLTOP HOG-FARM) FACT F38)

So any laus uritten for part-type hog-farm uill be run on Hilltop. These
laus uere uritten for obtaining global information, like the total number
of hogs preseﬁt at any given time.

Appendix 2 lists the laus used to define all the part-types.

Appendix 3 is a listing of the wiring of Hilltop.

IV.C Part-types

Appendix 2 is a listing of the part-type definitions used in the
simulation of Hilltop Farm. Although these definitions are pretty clear, a
brief explanation of the part-tuypes is given belou.

Pen is the most common part-type in the simulation of Hilltop Farm.
The lau pen-delay says that the input schedule is delayed appropriately to

obtain the output schedule. Pen-present computes the number of hogé
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present in the pen, and pen-feed computes'the feed required.'-

Breeding-pen.is the same as pen, except that it uses the
conception—fate to determine how many sous bred successful ly.

Farrowing-house uses-a global variable, farrou—time. to determine
hou long the sous are delayed. Another global variable, farrou-delay,
determines how. long after a sou's arrival farrouing takes.pléce. A third .
global variable, lactation-time, determines how long after farrou{ng;the
pigs and sous remain. Theée is no good reason why I uséd global variables
for these quaptities. but it.does demonstrate the flexibility of ARSE. -
These variables will appear in resu{ts symbolically if their values have
not been determined when the laus are triggered.

Market is defined by laus hog;se77 ahd,market-cost. The first of.
these was discussed in detail in section I11.A, The second.is used tb'
compute market and hauling costs, on the assumption.that'theg are |
proportional to the number of hogs marketed. Source is the part-tgﬁe uhich
handles the purchasing of hogs.

The first three laus for part-type hog-farm, hamely br-input,
groups, and sow-mrkt-input, compute the breeding scheduleé and sou-
replacement schedules. [ doubt thaf close examination of these laws will
be very instructivé. pbut they are included for completeness; Month7y-hogs‘
determines the total number.of hogs present. This'inforhation is used in
particular by the veterinarian part-type.

The tuwo part-types vet and worker, requiré one lau gach to compute
the costs of a veterinarian and uorker respect}velg.

There are two laus for miller. The first, grain-purchase
determines the cost of feed. The second, mill-charge finds the cost of

running the mill.
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The last part-type is banker, defined .uith just two laws. There
are a lot of possibilities in this area, because it is relatively simple to
urite laus for part-types which correspond to well-understood financial
entities. For example, different parts could-have been used to divide
income and loss into approbriate tax categories, or to divide it acbording
to the interests of the partners, or both. Likewise {aus might have been
written to determine exposure to price risks, which might then be laid off

in the commodity futures market.
1V.D Wiring Up Hilltop"

In appendix 3 we find one neu feature of plan. Every i tem under
assumptions of the form " (<x> <y>)" uill cause an assertion of the form " (=
<x> <y>)". This feature is used to initialize some af the‘variables when
the simulation begins. The initializations of "(hogs-out boar-sourcel}" and
"(hours Will)" demonstrate two ways to give ARSE schedules; by passing a
lisp association list, or by passing a function which generate§ an
association list, Each pair "(<i> <x>)" in the association list causes an

assignment of <x> to arrayl<i>]. Unspecified array entries are zeroed.
IV.E Analysis of Hilltop

If the simulation is run to completion without interruption, the
results will reflect {to uhatever extent made possible by the model} the
operation of Hilltop Farm if the assumed prices and production are borne
out. However, it .is much more interesting to explore the model’'s

per formance when symbolic data are given for uncertain information. For
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example, ue can variablize the price of feed as follous:
{what '’ (feed-price mary))
B8.85 (F76)
T .
{change ' (feed-price mérg) *x)
{(= (FEED-PRICE MARY) X) FACT F137)
NIL

{run)
DONE

{uhat * (balance beth))

;SS&+ #SCHEDULE-3S (SN8x #SCHEDULE-36 (&* -1 8 X))) (F263)
First, the price of fe?d was checked to verify the initialization. Tﬁe
_'price.pf feed uas then changed to the variable x. Nhen.thé cash balance is
checked, we find that ARSE has solved for it symbolically. 'A‘single run af
. thelsjmulaiion has given us more information than a.téble compiled from .
dozens of simulations perfermeﬂ.uhile varying the price of feed.

l%, on tﬁg other.hand. we would like to examine the cash balance

for a few different values of the price of feed, we can use the functions

vartell ‘and varchange.
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{uhat ® (balance beth))
.(SS8&+ HSCHEDULE-35 {SN&x #SCHEDULE-35 (8% -1.8 X))

T

(vartell '"x .85)

((VALUE X 8.85) FACT F264)

NIL

kuhat ' {balance beth))

((8 ~5376.73)
(4 -15197.2486)
(8 -7543.8319)
(12 21354.0893)
(16 58859.91)
(20 78482.43)
(24 187308.355)
(28 136806.18)
(32 164348.787)

 (F284 F263)
T

(1 -5841.9485)
(5 -16402.6696)
{9 -11874.1705)
(13 16276.2505)
(17 46529.571)
(21 74072.892)
(25 182970.018)
(29 132475.843)
(33°160818.367)

{(varchange 'x ,08)
(((VALUE X ©.08) FACT F268)
NIL

((8 -55268.13)

(4 -16583.926)
(8 -16733.876)
(12 1761.25683)
(16 26864.289)
(20 38004.822)
(24 56433.16)
(28 75602.137)
(32 92741.333)

(F266 F263)

T :

(1 -6123.08785)
(5 -18243,3797)
(9 -23278.4687)
(13 -5530.8281)
(17 14319.784)
{21 31453, 4384)
(25 43354.576)
(29.630857.613)
{33 86137.35)

(2 -9916.8855)
(6 -21315.083}
(18 6227.429)
(14 35733.2435)
(18 64631.171)

(22 92173.633)

(26 121678.519)
(38 156577.443)

(34 178119.966)})

(2 -10443.4755)
(6 -25383.7426)
(18 -8164.003)
(14 183933.0234)
(18 29434.1562)
(22 46573.881)
{26 B5676.327)
(38 84172.0664)
(34 101311.8))

(F263)

(3 -19580.311)
(7 -25645.431)
(11 18397.83081)
(15 31402.918)
(19 60380.832)
(23 87843.3565)
(27 117348.18)
(31 146247.180)

(3 -11346.691)
(7 -31848.327)
{11 -14788.59)
(15 4334.4385)
(19 22889.571)
(23 40829.307)
(27 59132.344)

" (31 77627.482)

Note that in the above dialogue, the only neu facts ‘are the'neu values for
x. The symbolic expression for "(balance beth)" is still around, but when
we ask for the value of "(balance beth)", ARSE substitutes the current

value of x into the expression. No%e of the uork of the'original

“simulation was lost when we changed the price of feed, so ARSE can handle

changes like this one with no perceptible delay.
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V Other Features of ARSE

While the most important aspects of sinulation uith ARSE are
included in the Hllltop simulation, some additional abilities deservé
mention. In partlcular, contradictions, choices, and monitors will be
described. In addition, a more general form of a lan, the rule, uil] be
'discussed ﬁrieflg.

When equation is called to enforce some relation, it is certainliy

possible that all of the variables of the relation will already have

numericatl values. In that case, equatiop will attempt to verify the

relat:on. If the relation does not hold a contradiction uill occur. In
the simplest case, this ‘just advises the user that somethlng is uroné and
uaits for him to fix it.' This mechanism can be explqited by writing
monitors to keep:an eye on variables of interest. The syntax oé moni tors
is almost exactly the same as for laus. Here is an example of a monitor
which might have been uritten for hog farm simulations.
{monitor pen- cabac:tg ({penx pen) cap present)

((= (capacity !?penx) !>cap)

(= (hogs-present !?penx) !>present))

(cond ((> present cap) (contradlctlon))))
Although I have simplified a bit to avoid unpieasant details, the.idea is
simple. Pen-capacity will not assert values for " {capacity boar-pen)" or
" (hogs-present 1?penx)” but it will make sure that the population is always
less than or equal to thé capacity of the pen. If this condition is
violated, a contradiction wiil be generated.' The only difference in
implementation between monitors and Jaws is that monitors are run at a

higher priority, since they may affect the value of other uwork.

One very pouerful feature ARSE provides is that of choices.
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Suppose that the simulation is unable to directly deduce the value of some
particular terminal. In that case, ARSE can choose a default value for the
terminal énd.proceed with the simulation. 1f a contradiction bccurs, ARSE
uill back up and choose a different value for the unknoun terminal. In
ARSE’ ¢ original domain, electronic circuit analysis, ihis mechanism was
used to.select one of several available transistor models, choosiﬁg the one
most appropriate to the conditiogs surrounding each traﬁsistor. _Nhen a
contradiction occurs, ARSE uses its explanation machinery to decide which
choices the contradiction depends on, resulting in a very efficient search
of the space of choices. .

Finally, I'd like to mention rules. Actually, laus are sort of a
special case of rules. The triggers of a rule need not have any part+tgpe'
in common, -making it possiblé to use ruleé where laus are awkuward or
impossible fo urite; Houwever, this additional freedom is éqcompanied.bg a
1ot of subtle problems in uriting rules, and their indiscriminate use is
considered unuise. The Hilltop simulation was written using only one rule,

propagate.
vI Conc7u§1on

I have touched on some of the problems encountered, any of which
are suitable for further work. The representation of time is a long-
standing problem in the field of artificial intelligence. Undoubtably
better representations of time and associated mathematical operations could
be devised for use in ARSE.

Understanding diagrams is an interesting topic in itself. A

possible extension of ARSE would be to allow hierarchical diagram
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structures. Allen Broun has designed a circuit debﬁgging program which
uses hierarch{ca1 diagrams, <Broun 75>

ARSE's énalgtical pouer is ceftainlg worthy of interest and,
hopeful ly, emulation. As it stands.lARSE is not suitable for simulation-ofﬂ
'exceedinglg complex models. Since it seems iikelg that ARSE’s analgticail
péuer would prove useful in simulations of any size{ it is worth some -
effort to either éxténd ARSE to handie more difficult models or to.redesign‘

existing simulation.languages, endowing them With ARSE's analytical pouer.
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Appendix 1 -- List of ARSE Operators

In general, the "&" prefix signals numbér arguments are required,
the "s&" and "ss&" prefixes means schedule arguments are required, and the
"sn8" prefix means a schedule and a number are required, O0f course, any
argumanf may be another symbolic expression, rather than a schedule or a
number.,

In the examples, schedules are represented by lists. A three ueek

+

schedule which is aluays one would be represented as "{1.0 1.0 1.9},

Functions on numbers:

&+ sum of arbitrarily many numbers

&- difference of Vuo numbers

&k product of arbitrarily many numbers
&/ " quotient of two numbers

Functions on schedules:s

888+ - sum of arbifrarilu many schedules
ss&; : difference of tuwo schedules
ss&* product of arbitrarily mang.schedules
ss&/ quotient of tuwo schedules
s8dif . derivative of weekly schedule
 s&mdi f derivative of monthly schedule
s€int integral of ueekly schedule
s&mint integral of monthly schedule
s&uk-mn converts weekly schedule to monthly schedule

Examples:
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(ss8+ ' (8.8 3.8 4.0) (1.0 1.8 2:0)) ==> (1.8 4.8 6.9)
(s8dif ' (4.0 3.0 2.0)) ==> (4.0 -1.8 -1.0)

(s&int '(4.8 -1.8 -1.0)) ==> (4.8 3.0 2,0)

Functions on a schedule and a number:

snéx product of schedule and number .
. sn&/ : ' quotient of schedule and number
snddelay schedule delay

Examples:

(sn8x * (0.8 3.0 2.8) 2.8) ==> (0.0 6.0 4.8)

(snddelay ' (4.8 3.8 2.08) 2.8) ==> (6.0 0.8 4.8 3.8 2.9)
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Appendix 2 -- Definition of Hog Farm Domain

(lan

{lau

(lau

(lau

{(lau

{lan

{lau

pen-delay ((penx pen) in out delay)
((= (hogs-in !?penx) !>in)

(= (hogs-out !?penx) !>out)

(= (delay -!?penx) !>delay))
{equation "out (snddelay in delay) })

pen-present ((penx pen) jn present out)
{(= (hogs-in !?penx) !>in)

(= (hogs-out !?penx) !>out)

(= (hogs-present !?penx) !>presentl))
(equation "present ’(s&int (ss&- in out)) )]

pen-feed ((penx pen) present feed rate)
{{= (hogs-present '!?penx) !>present)

(= (feed-in !?penx) !>feed)

(= (feed-rate !?penx) !>rate))

“(equation ’feed ’ (sndx present rate) ))

conceivg ((brk breeding-pen) in .conceived delay conc-rate)
((= (hogs~in !?brx) !>in) '

(= (hogs-conceived-out !?brx) !>conceived)

(= (delay !?brx} !>delay)

(= (conception-rate !?brx) !>conc-rate))
(equation 'conceived ’{snédelay (shx in conc-rate) delay) 1)

non-breed (({brx breeding-pen) in non delay conc-rate)
({= (hogs-in !?brx) !>in)
(= (non-breeders-out !'?brx) !>non)
(= (delay !?brx) !>delay)
(= (conception-rate !?brx) !>conc-rate))
(equation 'non °(sn8delay (sn&x in (&- 1.8 conc-rate)) delay) )}

br-cum ((brx breeding-pen) in present con-out non-out)
((= (hogs-in !?brx) !>in)
(= (hoygs-present !7brx) !>present)
(= (hogs-conceived-out !?brx) !>con-out)
{= (non-breeders-out !?brx) !>non-out))
{equation 'present ’(s8int (ss&- in (ss&+ con-out non-out))) ))

br-feed ((brx breeding-pen) present feed rate)
{(= (hogs-present !?brx) !>present)

(= (feed-in !?brx} !>feed)

(= (feed-rate 1?brx) !>rate))
(equation 'feed ' (sndx present rate) ))
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: farrou-time is the total time the souws spend in tHe farrowing house.
: farrou-delay is the time from the sous. arrival to farrou. ;
s+ lactation-time is the time from tarrow to the pigs & sous departure,

(law farrou-delay: ((fu-hx farrowing-house) in out)
{((= (hogs-in !?fu-hx) !>in)
(= (hogs-out 1?2 fu-hx)+ !>out))
- (equation 'eut '(snddelay in farron-time) ))

(law farrow ((fu-hx farrouwing-house) in pigs)
{((= (hogs-in !?fu-hx) !>in) .
(= (pigs-in !?fu-hx) I>pigs)) .
(equation 'pigs ' (sndx (snddelay in farrouw-delay) litter-size) ))

(lauw farrouw-cum-son {((fu-hx tarroning-house) in present out)
((= (hogs-in !?fu-hx) !>in)

(= (hogs-out !?fu-hx) !>out) :

(= (hogs-present !?fu-hx) Ispresent})
(equation ’present ' (s&int (ss&- in out)) ))

(iau farrou-grouers ( (fu-hx farrouing-house) in out)
' ((= (pigs-in 1?fu-hx) !>in)
(= (pigs-out !?fu-hx) !>out))
" (equation 'out '(sn8delay in lactation-time) ))

(lau farrou-cum-pigs ((fu-hx farrowing-house) present in out)
({= (pigs-in !?2fu-hx} !>in) : ' :
(= (pigs-out !?fu-hx) 1>out) ) : . .
(= (pigs-present 12fu-hx) !>present)) ] '
{equation 'present '(s&int (ss&- in outl)) ))
{(lau farrou-feed ((fu-hx farrouwing-house) present feed rate)
((= (hogs-present !?fu-hx) I>present)
(= (feed-in !?fu-hx) !>feed)
(= (feed-rate !?fu-hx) !>rate))
(equation 'feed ' tsndx present rate) ))

{law hog-sell ((mrktx market) hogs price income cut)
({= (price/cut !?mrktx) I>price)
(= (average-cut !?mrkix) !>cut)
(= (hogs-in !?mrktx) !>hogs)
(= (income !7mrktx) I>income))
{equation ’income ' (s8uk-mn (sndx hogs (8% price cut)}) ))

(lau market-cost ((mrktk market) hogs rate cost)
{(= (hogs-in !'?mrktx} !>hogs) '
(= (haul-rate !?mrktx) {>rate)
(= (cost !?mrktx) !>cost)})
(equation 'cost ' (sduk-mn (sn&x hogs ratel)) })
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(law hog-buy ((srcx source) price hoys expense)
({= (price !?srcx) !>price)
(= (hogs-out !?srcx) !>hogs)
(= (expense 1?srcx) !s>expense))
(equation 'expense ’ (s8uk-mn (sn&x hogs price}) 1))

; (Iau br-;nput ((fx hog-farm) s-delay s-p-g h-i-br).
((= (stagger-delay !?fx) I>s-delay)
{= (sous-per-group !?fx) !>s-p-g)
(= (hogs~in-br 1?7fx) !>h-i-br))
tand (numberp s-delag)
-{equation 'h-i-br
" (snéx ,(assoc -array (do ((i 8.8 (+8 i s-delay))
1 nil))
((greaterp i tastueek) [}~
(push - "(,i 1.8) 1))}
- s-p-g) )))

{law groups ({(fx hog-farm) |-delay s-delay g)
({= (loop-delay 1?fx) !>l-delay)
{= (stagger-delay !?fx) !>s-delay)
(= (groups !?2fx) !>g)) -
(equation "g " (&// I-delay s-delay) )}

(law sou-mrkt-input ({(fx hog-farm) conc-rate s-p-g
h-i-mrt s-delay l-delay 1-s g)
({(= (conception-rate !?fx} !>conc-rate)
(= (sous-per-group !?fx) !>s-p-g)
(= (hogs-in-sou-market !?2fx) Ish-i-mrt)
(= (stagger-delay !?fx) !>s-delay)
(= {loop~-delay !?7fx) I>l-delay)
(= (litters-per-sou 1?7fx) I>l-g)
(= (groups !?2fx) !>g))
{and (numberp s-delay) (numberp [-delay) (numberp |-s) (numberp g)
(equation 'h-i-mrt
"(snéx , (assoc-array
{do ({i (%8 -3 I- delag)
(+% i (%8 4-s I-delay)))
(1 nil))
((greaterp i lastueek) |)
(do ((j i (+% j s-delayl))
((=j (+8 i (%8 s-delay gl))))
(push "(,j 1.8) 1)))})
(8% s-p-g cong-rate)) )))

(taw monthly-hogs ((fx hog-farm). ukly mnthiy)
((= (ukly-hogs-present ?2fx} I>ukly)
(= (hogs-present 1?fi) !santhly))
{equation 'mnthly ' (s8uk-mn ukly} 1)
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vet-cost ((vx vet) hogs rate cost)
((= (hogs-present !?vx) !>hogs)
(= (rate !?vx) I>rate)
(= (cost !?vx) !>cost))
(equation "cost ' (sndx hogs rate) ))

labor-cost ((manx worker) hrs ug cost) -
({(= (hours !?manx) !>hrs)

{= (nage 1?manx) !>ug)

(= (cost !?manx) !>cost)}
(equation "cost ' (snéx hrs ug) )

grain-purchase ((millx-miller) out cost pr|ce)-
((= {feed-out !?milix) !>out)

(= (feed-cost 17milix) !>cost)

(= (feed- pruce 7millx) !>pricel))
(equation 'cost ' (s8uk-mn (snéx out price)) 1)

mill-charge ({miltx miller) out rate cost)
((= (feed-out !7milix) I>out)

(= (mix&grind-rate !?millx) !>rate)

(= (mix8grind-cost !?7milix) !>cost))
(equation 'cost ' (s8uk-mn (sn8% out ratel} })
profit ((bankx banker) inc exp prof)

{(= (income !?bankx) !>inc)
(= (expense !?bankx) !>exp)

- (= (profit !7bankx) !>prof))

(equation "prof ’(ss&- inc exp) ))

cash ((bankk banker) prof balance)
((= (prefit 1?bankx) !>prof)
{= (balance !?bankx) !sbalance))

(equation ’balance ' (s8mint prof) ))
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Appendix 3 -~ Definition of Hilltop Model

{plan hilitop 3 ; analyze first 3 years

(parts (breeding-pen br-pen (delag 3.9) (feed-rate 31.5))
(farrouing-house' fu-house (feed-rate 91.0))
{pen gestation-pen (delay 13.8) (feed-rate 31.5))
(pen non-breeder-pen  (delay 3.8) (feed-rate 31.5)})
{(pen grower-house (delay 4.8) . (feed-rate 62.8))
(pen finish-house " (delay 6.0) {feed-rate 64.8))
{pen gilt-pen .(delay 6.8) (feed-rate 64.8))
{pen boar-pen . (delay 52.8) (feed-rate 50.8))
{market finish-market (ﬁrice/cut 52.48) (average-cut 2.2)

(haul-rate 1.5})

(market sow-market : (prlce/cut 41.00) (average-cut 3.7)

: (haul-rate 1.5))
(market non-breeder-market (price/cut 45.88) (average-cut 3.0)
) : {haul-rate 1.5))
{market boar-market (price/cut 38.808) (average-cut &. B)-
{haul-rate 1.5))

(source ‘sou-source (price 100.0))
(source boar-source (price 308.08))

{(banker Beth)

{miller Mary . (feed-price .85) (mix8grind-rate .8835))
(uorker Will, {nage 3.88)) :
(vet Vaughn (rate ,15)))

(connect (({hogs-conceived-out br-pen))

({hogs-in gestation-pen)))
{({(non-breeders-out br-pen))

{(hogs-in non-breeder-pen)))
(((hogs-out gestation-pen))

{(hogs-in fu-house)))
(((hogs~-out non-breeder-pen))

((hogs-in non-breeder-market}))
(((hogs-out fu-house) (hogs-out sou-source) (hogs-out gilt-pen))
((hogs-in br-pen) (hogs-in sow-market)))
( ((hogs-out boar-source))

((hogs-in boar-pen)))

(({hogs-out boar-pen))

((hogs-in boar-market)))

(((pigs-out fu-house))

( (hogs~in grower-house)))
{ ((hogs-out grouer-house))

((hogs-in finish-housel))
(((hogs-out finish-house))

{({hogs-in finish-market) (hogs in gllt -pen)))
{((hogs-present br-pen) {hogs-present gestation-pen)
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(hogs-present fu-house) (hogs-present grower-house)
(hogs-present finish-house)

(hogs-present gilt-pen) (hogs-present boar-pen)
{hogs-present non-breeder-pen)) NI '
( (uk y-hogs-preésent hilltop)))
{((hogs-present hilltop))
{(hogs-present Yaughn)))
{ ((hogs-in-br hilltop))
({hogs-in br-pen)))
{{{hogs-in-sou-market hilltop))
{(hogs-in sou-market)))
" ({{conception-rate hilltop))
“({conception-rate br-pen)})

((tfeed-in br-pen) (feed-in gestation-pen)
(feed-in fu-house) (feed-in grouwer-house)
(feed-in finish-house) )
{feed-in gilt-pen) (feed-in boar-pen)
(feed-in non-breeder-pen))} :
~ ((feed-out mary)))

(((feed-cost mary) - {expense sou-source)
(expense boar-source) (cost Yaughn) ’
(mix8grind-cost Mary}- =~ (cost sou-market)
(cost boar-market) (cost finish-market)

{cost non-breeder-market) (cost Will))
((expense Beth))) )
({((income finish-market)
(income non-breeder-market)
" {income sou-market)
(income boar-market})
((income Beth))))

(assumptions ((conception-rate-hilltop) 6.30)
(litter-size 8.8)

((sous-per-group hilltop) 38.6) . 3 breeding plan
- ((stagger-delay hilltop) 8.8} )
({loop-delay hilltop) 24.8)
((Iitters-per-sou hilltop) 2.0)

(farrou-time 8) 1 delay times for farrouil
(farrou-delay 3)
(tactation-time 5)

¢+ Will works 289 hours a month

((hours Wil1) (do (Ci 8 1+ i)) (1 nii))
{(= i B5) 1)

(setq | (cons "(,i 208.8) 1)1))

( (hogs-out boar-source) ((8.8 5.9) (52.8 5.9)
(184.8 5.9)))

{(hogs-in gilt-pen) zeroarray) ))
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