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Most stuff is quite old, but a few things are recent.

Mechanics

‘What makes tides

Gut basics of Hamiltonian Mechanics

Goldstein mechanics notes from Nov 1977

Physics of Sprinting paper with Igor, March 1981

Cars, torque, and brake horsepower
Acceleration Times based on car torque Oct 1985

Theory ofEffective Horsepower Oct 1985

Computing Acceleration Times

‘Thermal Loss in Houses

Thermal conduction Feb 1978

Heat loss through windows, etc (refs)

Quantum Mechanics

Messiah and the meaning of bras and kets April 1975,
Operators in Wavefunction Quantum Mechanics
Clearing up Active vs Passive transformations
Solution of

2D harmonic oscillator (Laguerre@ Harmonic oscillator in 3D

Comments on Quantum Mechanics

Special Relativity

Relativistic mechanics and massless particles

Accelerating rockets

E&M and special relativity
‘Thomas rotation effect

Thomas precession and the 4 factor

Foucault pendulum comment.

Some other mechanics/magnetism problem.

Particle Physics

dates when certain things were found

Goldberger-Watson footnote for page 347 equation 12b

PCAC and GT (Partially Conserved Axial Current and Goldberger Trieman relation

Relating A"and V" to the generator currents, more Goldberger Trieman
Chiral comments

An experiment to measure g-2.
Standard Model summary page (from web)

Chew 2008 paper Cosmological Hilbert Space
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. Sk arcugait a 2am poee , woe fea
WW No = VE(I-€).Physics of sprinting dogh £ eam No e(\-€)

: = éIgor Alexandrov and Phitip Lucht Qee.Sh Kaoo = teroeDepartmentof Physics, Universityof Utah, Salt Lake City, Utah 84112 o

Sprinting is described by a simple physical model. The shodel is used-to predict the
differences between the recorded times for races on a stt it track and-on a curve. It
is shown that the choice of the runninglane makes a non-egligible difference.

1. INTRODUCTION d2x(0) _ dotsing i Se Ge I~ ooo. ©In the past few years there has been a growing interest

in the application of physical models to problems of animal _whpre x(t) is the distance measured from the start of the
locomotion in general! and to human athletic performance _rade and (2) is the printer's instantaneous velocity. The
in particular.>$ solftion to this equation subject to the initial conditions x(0)
A probiem of special interest is to devise a model that = , 0(0) = v9 is

represents with reasonable accuracy the propulsive and - went) + ygenetresistive forces acting on a human runner. v(t) = Gayl — e-*4) + vee, “
One common model assumes thatthe sum total of re x(0) = (Jo)t + (fo?= ogfale“" = 1). (5)sistve forces F, acting on a runner can be represented bY 1. wet, known solitons describe the motion of particle

F,= ~oMo, (1) sedimenting under the action of a constant force of “grav-

ig ity” Mfand a viscous force —Mo; the particle (sprinter)where M is the mass of the runner, v is the speed, and a is NY “ ?

a parameter of the model, presumed constant or nearly approaches the terminal velocity v, = Jfo asymptoti-
| é Y cally.Saeet iy anabes with cos toe ach «form i ge Let us suppose that the times 1, andf2 for an athlete's,

that it can adequately represent human runners where the Performances over two different straight-line sprinting
forces are rapidly varying and, in general, complex. eianees xpand aeain‘Then ey Os bemsedNonetheless such a form was used by Keller? to model We bats Hakesihe!beat ao (see we i) ‘two dif.@ ‘competitive running and draw certain conclusions regarding, wwe Bivein Pale Tite best randing times over twoottoptimal running strategy and maximal future performances. feFent distances for four world-class sprinters from theOne significant conclusion reached by Keller is that a {967-69 period.1% (We note that two orrane are awell-conditioned athlete is able tosustaina maximum and Qo CNou CancersO nd for cach worl recon.) enearly constant muscular effort for races over distances of ComPuled valles of o and for each runner are shown in290 m or less. We shall define all such races as sprints. ‘columns 6 and 7, respectively. wee'A basic question is: What are typical valués of the pa _,, The lastentry in Table | is Tommie Smith who has the
rameter ? It is to be expected that o will depend on the _“istinction of having a recorded time for the straight-track
Fanner, Nis speed, the tybe race, and possibly on externat 200-M race and also for the rarely run straight-track
conditions such as the track surface, altitude, etc. Keller? 240-Yard race for which he holds the world's record, Inuses a value of « = 0.44 sec~! while Whitt and Wilson’ addition he is the holder of the world’ 's record for the 200
quote similar values. The latter, however, were measured Len the curve which he established in Mexico City in
Roe rents rine cneeds 8 PeTEEXSISMOMER” The computed values ofthe parameters fand differ
We propose that [ora given sprinter a measurement of Widely from runner to runner. We have no way of knowing

rand the propulsive force parameter (defined below) can ooeeenea are ne a ae ne ee,“be performed in principle by measuring that sprinter's th alues xt ay thes to pevdet hi areoad
running times for two straight line races of different dis eyee nen ease tthe closenees of var predictiontances. Our model will then allow us to use the values of |= "4 ‘m race on the curve. The closeness of our predictionthese parameters to predict that runner's performance for ‘othe actual recorded time will be'a test of the validity of|‘a sprint run on the curve. the basic assumptions of the theory embodied in Eqs. (1)* and (2).

7 .
IL MODEL

ul

UL. RUNNING THE CURVE

We assume as does Keller? that a sprinter of mass M is In a typical 200-m race the starts are staggered so that
‘subject to two horizontal forces. One is the resistive force each runner runs the first 100 m of the race on the curve.

expressed by Eq. (1) and the other isa constant propulsive However, the radius of curvature ofthe curved portion ofe force F, which we write as each Jane is different. ‘The lanes are 1.22 m wideso that the
F< /M, ~ (a) inner radius ofthe mth lane is

where J is the force per unit mass of the athlete.* The Ra) = 1O00/x+ (nx — 1)(1.22) m.equation ofmotion for the sprinter is then Let the runner be running with speed o on a curve of
~ °

254 Am. J. Phys. 49(3), March 1981 0002-950S/81/030254-04500.50 © 1981 American Assocation of Physics Teachers 254



OG Yama o7 Gur (19) amd(i) and ack RK Some R= Wt (wri)¥ (22@ we=Fand €=4 (FRE é
3@ thaw C12) Yea gre Amotac Gr Zoom pvce , ("pattem curve,‘able 1. Computed values of the parameters f and ¢ for various runners (indicates a current world record holder). The times ar the runnerstimes over the given datanecn Name Contin * world rsond holder). Th " bt

ee
Runner x1 tibseo) 2 tnfeee) _alseem") AN /ke)_ovin/see) fBe/el__[&F/A__[BoerlRumery tsee) tae) ascent) fN/K) oen/seed _Ho/el F/M Seo

John Carlos yards 6.0 100 yards 900667 81312193,
Bill Gaines Gyards 5.9100 yards 93 1250 134510768,

dim Hines 100 yards 9.2 100m 99 0581 7101222 65% SI 1aTommie Smith 100m 10.1220 yards (straight) _19.51__1.252__ 13.46 1075 19%Tonnes Sree 0 tO ati yards tage) TPS) 2 ese nse

constant radius R and subject to the forces (1) and (2). rameters the difference between v, and v-(«) is of the order
, Now, however, the propulsive force must supplyacompo- of 0.3 msco-', Thus the runner accelerates slightly uponnent that gives rise to the centripetal acceleration of mag- entering the straightaway."

nitude v2/R. The athlete's equation of motion then be- Equations (10) and (11) allow us to compute the total
comes time fr for the race in a closed (approximate) form

dofdt + ov = (2 — v/R2)'", (6) tr= ton 4100/0, + fae] MEH MH 100
Equation(6) is to be solvedwith given parametersf, c, and = 2(100)/o,+ I/a+ €[(100/0,)— 13/(120)] vAR subject to the initial conditions

(0) = 0, x(0) = 0. + &[(100/0,) — 25/(120)} + OC). (12)/"‘An approximate analytical solution can be obtained by Equation (12) then can be used to predict the running
noticing that for typical situations the second term under ime Yor example, for Tommie Smith running a 200-m race
the square root is small, »'/R? <<, and by expanding the on the curve. We use the parameters of Table I and assign
square root we obtain him to lane 3, the lane in which he ran for his world record,

dofdt ov =f ~ (1/2)0fR2. (7) Then R= 34.27 m, € = 0.0314,o, = 10.75, We obtain
As it stands, Eq. (7) is still not subject toa simple ana- 4100 = ° + sec,lytical solution. We can, however, solve it by treating the 2100 OA see. m= 9.33term in v4 as a small perturbation (see Appendix). The fim to me we last for ther ary 6Bsolution so obtained subject to the initial conditions v-(0) ‘total predicted time for the race = see.

= 0, x-(0) = O-gives the speed v.(t) and the distance trav- In the Mexico City Olympics on 16 October 1968 in the

elled along the curve x(t) as: men’s 200-m final, Tommie Smith running in lane 3 sct the
= (fol -Z-')- 19-292 still-current world record of 19.83 sec.2elt)
= Fol — 2") — Lfaay FR-\on7y m2). In order to test the accuracy of our calculation we nu- e@(8) merically integrated the exact Eq. (6) and computed the

xe(t) = (f/o?Inz = 1 + Z!) time necessary to cover the first 100 m of the course on the— (1/2) f/e2)fR-'0-2)2F(Z), (9) curve. The comparison ofthis calculation with the resultsCMGOAUR'ePFLZ).
0) rere approximate analytical solution is shown in Table.where Z = e% and The two procedures give results that differ at most by 0.3%.

- - 167-2 ‘This surprisingly close agreement lends supportto the va-Fu(Z) = 1+ (10/3 — 41n2)Z~ ~ 62. 2-3 —1/3.z-4, _ lidity of the approximations madein the calculations, The+23 132, close agreement between our “predicted” and the measured
F(Z) = ~37/12 + InZ + (2/3 + 41nZ)Z-t value of Tommie Smith's performance in the 200-m race

+3Z-2—2/3Z-3 + 1/12 Z-4, onthe curve comes as somewhat of a surprise considering
the meagerness of the data and the ctudeness of theThe accuracy of our perturbation procedure depends — tmodel,fon the smallness of the dimensionless parameter ¢ "Finally, we apply our model to the following problem.

= (R~'0~2)?/2 which for the case of interest to us has Since the value of the radius of curvature R enters Eqs.
value of 0.031 39. For running times on the order of 10sec, ()-(12) we would expect that athletes running in the
terms in Z~! and higher powers of Z~'atenegligibleand outside lane (larie 8) would enjoy an advantage over those
‘can be dropped from the expressions for F and Fo fh the inside lane.

With these approximations we can write expressions for In fact, itis well known that sprinters dislike running in
x-(0) and v-(©), the latter being the terminal speed of the
runner on the curve. We note that with our typical value’of ok ‘ yea!
‘a the sprinter attains 98% of his terminal speed within ap- TableI Comparison of numerical salutions with approximate analyticalproximately 3 sec: P2136 N]kgs 0 = 1.252 see"!

v-() = (1 = ©0,. (10) ‘o(sec) —_troo(see)
-or- - retical approximate differenceH(t)

oI = = (W/o 37/12). UY R(m) solution solution (8).Equations (10) and (11) are useful in that they allow ustp

bring out the effect of curvature of-the track represented 1 3183 10.361 10389 027% eby the parameter ¢. Physically, 2¢ is the square of the ratio 3 3427 10.327 10.348 0.20%

of the centripetal acceleration v?/R calculated at terminal ® 40.3710. ee M4 ne 0.11%
speed to the.propulsive force per unit mass. With our pa- Stfaighttrack = 10.100 10.100
285 Am.J.Phys, Vol. 49, No.3, March 1981 |. Alexandrov and P. Lucht 255
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the inside lane complainingthat the turn is “too tight." Our their respective lanes. We find its magnitude to be non-calculation bears this out. We find that, with the parameters negligible. _

we used for our test case, the total recorded time for a _Clearly our results suggest a ling of furtherinvestigation
runner in lane 1 would have been 19.72 sec whereas for lane for those interested in the biomechanics of sports. To the

8 it would have been 19.60 sec. At finishing speeds of about extent that a sprinting human can be characterized by pa-e 11 m/sec that difference in time translates into.adistance rameters f and a it might be of interest to measure thesedifference of over a meter. Since many sprint races are lost __parameters under carefully controlled conditions and cor-
‘or won by mere centimeters the above effect is quite sig- ‘ relate them with the physical characteristics of the sprinters,

nificant, such as height, weight, type of build, reaction time, strength
‘Curiously enough sprinters do not consider lane 8 to be _of leg muscle, etc. It is conceivable that these parameters

the most advantageous one. Because of the staggered start _f and o might also depend on external conditions such as
runners in lane 8 run for half the race ahead of the other track surface, altitude, and other factors.
competitors. This, they claim, puts them at the psycholog- Finally, we wish to comment that it has been our expe-
ical disadvantage of not being able to see what their com- _rience that there is a fairly large audience among today’s
petition is doing. college students interested in learning about the biome-

chanics of sports from the point of view of fairly sophisti-
cated physics. Such a trend is certainly indicated by the

IV. ERRORS amount of research done in many countries in the area of

sports medicine and technique.‘We wish to make a few brief comments about the “ex-
perimental” errors. Since neither the records books nor the

sport press include error bars with their reported results we APPENDIX
will limit ourselves to a few crude estimates. We assume -
that mostof the erroris the result of inaccuratetime mea- _ In order to determine the parameters f and o for a
surements. Many of the times given in Table I were prob- ven sprinter, let us assume that the sprinter has recorded
ably the averages of several hgnd-recorded times. Other times f, and ¢2 over two straightaway distances of lengths
times might have been recorded electronically and then x1 and x Using Eq. (5) twice with vo = 0 and neglectingrounded off to the nearest tenth of a second. the exportential term we solve forf and o to obtain

For the purposes of this estimate, we assume that the = - -
accuracy in the recorded timesis 0.05 sec. We notice that o> (yedttaaid ~ Ueleatc)~ (feo. (13)the’ resulting variation in the calculated values offand S= 07x2(oty—1). (4)
are quite large. This is due in a large part to the fact that the i .

calulation involves a denominator whichis a ference Brabhamrant eR nai std:tween two numbers numerically close to one another. One call w is the same as Eq. (4) with vo = 0,
consequence ofthis effect is that data for races over similar ‘a oedistances such as 50 and 60 yards or 100 yards and 100 m w(t) = (Jo) - e-*").
are practically useless.

However, as is apparent from Eq. (12) the total time rp Newt, We write the solution to Eq. (7) as p= w & u where
depends primarily on v,, so to some degree the errors inf ° '"eat w asa small perturbation. u then satisfies
and o tend to cancel one another. The uncertainties included du/dt + ou = -1/2v4/(fR2). as)
in Table I were calculated accordingto the assumption Ar A mati A= —Ara = £0.05 sec. Assuming this error in the measure Replacing o in Eq. (15) by its approximation w, we inte~
iment of time the resulting error in the predicted ¢ for T, Bate twice to obtain the solutions (8) and (9)
Saath is For our test case (Tommie Smith) the parameters f and

@ are directly determined from Eqs. (13) and (14) using theAtr = £0.054 sec. data'given in Table 1. -

‘ Equations (8) and (9) can be further simplified if weA
less conservative error estimate of Aty = —Atz notice that for our test case o = 1.25 sec~! and for running-

s hs = ingraeor sli lor iene and observed tr within the times of the order of 10sec, Z~! ~ 10-6 so that F, and Fz
- can be approximated by

Fy 21 Fre to 37/12.

V. CONCLUSIONS ‘This gives Eqs. (10)-(12). These equations then predict the
In summary we have found that the forces acting on a __time to complete the curve portion of the race t 190, the speed

sprinter at typical sprinting speeds can be reasonably well __at the end of 100 m, and the total time.

modeled by Eq. (3). The use of that equation over two dif- For comparison we find that, using the same values of f
ferent distances can determine the sprinter’s parameters and g, a 200-m race run entirely on the straightaway would
Fand o, The values of the parameters that we calculate for _have taken 19.40 sec as compared with our lane 3 calculated
‘a few sample cases are in some disagreement with those time 19.68 sec. Even for a runner in lane 8 the straightaway

‘commonly found in the literature. Our model, extended to __ time is faster by 0.20 sec.
include centripetal effects, then allows us to predict éne athlete’s time for a race run on the curve. This in turn can
be used to compute the difference in the times for (Wo *Qn eave of absencefrom Department of Physics-Astronomy, Californie‘comparable athletes running in different lanes. This dif- State Unversity at LongBeach, elieprev daeaference is solely duc to the different radii of curvature of 1K. Schmidt-Nielsen, Science 177, 222 (1972).

256 Am. J. Phys, Vol. 49, No.3, March 1981 I. Alesandrovand P, Lucht 256
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’Mechanies and Energetics of Animal Locomotion, edited by R.M. = N,f = N/kg, and @ = sec“
Alexanderand G. Goldspink (Halsted, New York, 1977). * IN. McWhirter, Gulnness Book of World Records (Sterling, New York,34.
B. Keller, Phys. Today 269), 42 (1973) 1979).4H, Lin, Am. J. Phys. 46(1), (1978). ‘Sports Wustrated (New York,NY) and Track and Field News (LosSF.
Whitt and D, Wilson, Bicycling Science (MIT, Cambridge, MA, Altos, CA) miscellaneous issues between 1967 and 1969. e1974), SPersonal observation (1A),

We use ms nits throughout so that Mf = kg, x = m,o = m/sec, F _!0We wish to thank an anonymous eferce for pointing this out tous.
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Cony amd Vorgut. aud RHP Win DeseeeSS a

Measuring, dows : a. ee (.B)-BEee

- This type-of device was actually used to-measure engine horsepower at. one time.
You open the throttle all the way, then tighten the friction brake to get your

* dasifed RPM: TheW you read your force scale in péunds. A typical set of numbers
might be D=i. feet andti 30. Ibs. This-means_thetorque.is 120lbefeet. tt/lbs.That is, the test fixture is applying that much torque on the flywheel to keep

wovangilar aeeelerattont; to flywheel Of Course “Ts "Wing Opposite and equal torque.
To get the brake horsepower,. you mltiply.by angular_velocoty_of-course. This-is. —
DPI f. Since 1 HP = 33,000 pound-feet of work in 1 minute, you get little equation:TEs Since BEB23 1000 Powe .He=. (Qedx(W)At= DWh 2 eas ») ~.64F-

. 33,90... . $252 \$7450The formila isfreshman physics: power is distance times force diyided by time, withunits converted to horsepower. The fofcexdistence factor is the torque which is
- invariant, whether measured at flywheel or-at- scatey Think of the-distarice that

e a point on the flywheel goes, working against the frictional farce.
" — “Wormally torque decreases a little as RPM increase. If torque were cdnstant, theBHP itd sitiply inéréasé With RPM litiearly.” The point of max BHP occurs at

— — max RPM.you.can.useengine at;.max torque is-at- slower RPM — =
~ Acceleration 6f Your Vehicle is “of colrse directly artected by torque. Ie, F = ma:

and torque =.I alpha. Car acceleration-a-islinear in torque, inverse in'weight.

Example: Saab turbo does 160 HP at 5500 RPM. But it does 188 ft-1bs at 3000 RPM.
This torque-givesBHP =~ 188x3000/5250° 107 HP at 3000 RPM. ~ 7



1

e
Acceleration Times (torque, and all that stuff 10.31.85

1, Car engine is rated at horsepower as function of RPM, and also torque. Torque
is the more constant of the two versus RPM so lets use "average torque" delivered
by the engine as you shift through the gears. -

2. Units. Lets use good old American car units. So:

v ft/sec M slugs

N lb-feet % seconds
E ft-lbs P f£t-lb/sec

3. Now, lets say you want to accelerate a car from 0 to some velocity V. In doing so,
you keep your engine operating at average torque of N and average RPM of RPM. (ie,
this is related to omega). Assume that energy output of engine per second is:

Power =q) x TU (recall v x F for linear motion)

The energy you put into your vehicle, assuming no frictional losses, is this times
time. Set that equal to your kinetic energy at speed V and you can solve for tt

1. 2
e twv*=s wk @ ka $ em (skys) -[v (S$t/ax)\Bar$ (az) % (44-48)

Now convert this to more conmon car units: co u 1.
b= & [MED Jy cor)x 49 ; $e (is ft): Vow)= q a> (°° Se= 17 Remy (Ft)

Y~-—Beh (owt) 7 (H4-8)60 232

So here is our result forf acceleration with no friction due to air resistance or

transmisstion train losses (enginer losses are taken into account since we use
actual measured engine torque; shifting losses also not accounted for):

2£ =(32)w-v
RPM. &

Example: you are sitting in a 1986 RX, so total weight is 2800 lbs. Engine is
138 ft-lbs at 3500 RPM. Assume this product can be maintained. Then we could
compute a theoretical 0-60 time: the result is 6.7 seconds, the quote is 8.0 seconds,
0 you add about 20% to your computed time.
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e@ Horsepower. The BHP is correct at its rated RPM, but the effective HP over driving

speeds may differ. If you have a torque at an RPM, here is your HP +

1P(Htbfard) = 2e-f (ae!) (4H)
P(eHA)x550 = ar jena )}. v60

P(eHe) =9 203 (remr) AE= Fe60-550, 33000
Lew

P (GHP) = RMT5252

Example: if you run your RX enginer at 138 ft-lbs and 3500 RPM, you are doing
92 horsepower. Rating is 146 HP at 6500 RPM. (its a rotary engine’. If you
could get 120 ft-lbs at 4500 RPM, that is 103 HP. You really need to know the
torque as function of RPM. For the RX, you know that at 6500 you have toruq
of —14,6*5252/6500 = 118 ft-lbs. Thus, fairly constant, characteristic of

Example: consider the prelude enginer:

4000 RPM «107 ft-lbs implies BHP = 81.5 hp
5500 RPM 100 hp implies torque = 95 1b-feet

Again, fiarly constant torque. For any vehicle you are getting two torque ,RPM pointsby reading the two specs.
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e A theory of, "effective horsepower".
1. Assume that a car's torque curve is a parabola. You can determine this curve
because the torque spec gives you the peak of the curve, and the horsepower
spec gives you another point on the curve. Onee you have the curve, you can
compute the average horsepower over some range of RPM. Having computed this
figure, you can compare different vehicles. °

z tR-& } JN= % -(B&%)-= %-(&%) oo
R

Wea WPS TAR Fe
.

aC (r(a)- R) dR &ZP> ALCO 8) a =_4 |  [u-k (ea}}Rua]a Rb~ Re. 5152 (RoR) Lam
& Ke ToT

3 rary (R, ~ho)*wk = Ty (RR) =H 2 Ls eee f(em at gt
/ F(R)

2 hor (RB -Re) + Ro (Rb Re)e. Z A Jer @e)- 0) (es) - go(R)+2 6 (Ge)HO) = 5054 (RRs) lz one Rake LA IS <
At this point I need a computer. You would enter the various numbers and get an answer.

2. Lets try a simpler model. A Bartlett curve:

°

' Rae

T ian Te T~ (TT) a4] .‘ ‘

on

A fs Re
Arye Ln = qe \Ye~H(t ojjeleee—<——_-——_

Clq +H he) ER dh
2 343Lat) = Grebe)t (fe-R) — 85 (ene lt)e ¥ a)
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Again I need a computer. So:

e 3. Lets go even simpler. Lets assume that average horsepower is average RPM times
average torque and use the linear a again:cy

Ler = de Sah = BR) [erent
—Re (aorta) (Rofo) ~ K+ (86 -Fe)

(be ~ ke)
= (Core) — EK (Rah)

dr) = Brk[e-F) = x e-e)

fe) = tye = 4 (e-O 2 Me).
ae Kye Mo AT\{ Z-1

se <P HMSO de LID = TO teed[ R-8]
R= [ere]
AT = Tort R= >[lorS]

Ra = 5500

Gi: Tuo: Ro= 3000 T= 188 ec=35 Re tow +sse0\= y250
Ry = 5500 T= 153 OR = 2500

£r)= Wer — 35 [vaso Sood) = INO. Suey = 1 3R.0.

mw : R= 315%) T= (0 oteto f= See § (32+ Son)
& = 4250 Lo = ISO QiL= 1000 = 1395-

2x) = no - 22 [usos—sem) = 47S Cue)= 122
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Corrugation of Roads

. Joseph A. Both and Daniel C. Hong

Ss Physics, Lewis Laboratory, Lehigh University, Bethlehem, Pennsylvania, 18015,
=] Douglas A. Kurtze, kurtze@golem.phys.ndsu.nodak.edu
3 Department of Physics, North Dakota State University, Fargo, North Dakota 58015
Zz Abstract
Ss We present a one dimensional model for the development: of cor-

rugations in roads subjected to compressive forces from a flux of cars.nN The cars are modeled as damped harmonic oscillators translating with

> constant horizontal velocity across the surface, and the road surface

° is subject to diffusive relaxation. We derive dimensionless coupled

= equations of motion for the positions of the cars and the road surface

na} H(z,t), which contain two phenomenological variables: an effective
= diffusion constant A(H) that characterizes the relaxation of the road

Sg surface, and a function a(#) that characterizes the plasticity or exodi-e@ S bility of the road bed. Linear stability analysis shows that corrugations
of grow if the speed of the cars exceeds a critical value, which decreases
& if the flux of cars is increased. Modifying thé model to enforce the

ao simple fact that the normal force exerted by the road can never be
= negative seems o lead to restabilized, quasi-steady road shapes, in

Sg which the corrugation amplitude and phase velocity remain fixed.

Pd 1 Introduction
a

s

It is commonly observed that under the influence of a flow of traffic, dirt
oads develop regular corrugations of longitudinal “pitch,” or wavelength, .
between 0.5 and 1 m, and amplitude up to 50 mm [1]. At first glance such an *
instability of the road surface might seem counterintuitive, as one might guess
that a flow of traffic would exert downward forces on the surface which tend to

smooth and compact the road bed, thereby suppressing pattern development
rather than promoting it. Yet irregular, rough roads do not in fact. heal

themselves, but instead become progressively rougher and more corrugated
under a flow of cars. Similar phenomena also oceur, though sometimes on

different length and time scales, on paved roads, on railroad rails [2], and

| |



on the rollers used to calendar paper [3]. ‘The purpose of this paper is to
investigate this phenomenon using asimple, tractable physical model,» . 3 ~

‘Anearly attempt at explaining road corrugation is due to Relton (4],-who proposed that the underlying instability mechanism is a “relaxation
oscillation,” caused essentially by stick-slip dynamics. According to this,

view, a moving wheel pushes grains ahead of it. The grains pile up in front
“ of the wheel and form a heap. When the heap grows large enough, the

wheel sticks momentarily, and then slips, running over the heap and leaving
it behind as a ridge. For a given uniform speed, this stick-slip process will

be fairly periodic, and so will generate equidistant ridges. ,
A different picture was provided by Mather [2], who argued that the origin ‘7

of the road instability is the bouncing motion of the wheel, caused by random

irregularities on the ground. When the bouncing occurs, the car is projected
upward along a certain angle and is airborne for a brief time. When it then
strikes the ground, the car creates a crater and the motion then repeats ‘
itself. According to this picture, it is not the piling up of grains ahead of .

the vehicle that is responsible for the instability, but the impact stress of the

vehicle on the ground. ‘The wavelength of the resulting corrugations will be

e determined by the competition between the typical distance the car flies overthe ground and the size of the crater generated by the impact stress, which

should in turn depend on the hardness of the ground and the relaxation time

of the ejected grains. Mather’s picture is similar to other surface instabilities
involving granular materials, in particular the ripple patterns in wind blown _
sand [5, 6, 7, 8], where ejected grains are carried away by the wind and
land in a place far from the ejection point. In such a nonlocal model, what
sets the wavelength of the ripple is the ratio of the flux of the grains to the

° appropriately scaled saltation length, i.e., the distance that an ejected grain
is carried by the wind.

‘The model we present in this paper builds on Mather’s picture, but we
ignore any nonlocal transport of grains along the road, and we assume that,
‘the cars, and more specifically their wheels, generally do not lose contact.‘with thexoad. Instead, we model the cars simply as masses attached to
domped springs. We assume that the downward contact forces exerted on

the road by the wheels causes a permanent downward deflection of the road
surface, by either erosion or plastic deformation. In either case we model the

effect of the contact force on the road as a simple proportionality between

the deformation at any point on the road and the force exerted on that

point, with a phenomenological “softness” parameter as the proportionslity

2
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constant, We also include a diffusive relaxationthat. tends tg smooth the roadsurface, which may come about, for instance, as a result of rain. We find that,
the diffusive relaxation is a stabilizing effect, as one would expect, but that

its presence or absence generally has no qualitative effect. on the corrugation

phenomena. What is important, however, is the phenomenon of hardening,
We expect that the softness parameter, and also the diffusion coefficient if it

. is present, will decrease as the road compacts, so that the road becomes less
susceptible to the passage of more cars once the first several have compacted
it and perhaps produced corrugations. This turns out to be a stabilizing
cffoct, narrowing the parameter range in which corrugations occur

Since we are modeling the cars, which in reality are complicated mechan-

ical systems, by simple damped harmonic oscillators, the question quickly
arises as to what. the appropriate natural frequency might be. Given the
observed pitch of road corrugations of 0.5 to 1 m, and the presumed speeds

in the range of, say, 10 to 25 m/s of the cars that produce them, we expect Poa
that the important oscillation modes must have natural frequencies of about pene
0.02 to 0.1 s. This is one or two orders of magnitude shorter than the fre. #

quency of the car body bouncing on itssuspension, sothat is unlikely to be_

e the relevant oscillation; indeed drivers normally adjust to the roughness ofthe road they are on and slow down to avoid such bouncing. This suggests »
that the relevant mode may be that of the wheel attached to the suspension. .

Alternatively. the important oscillation may be an elastic deformation of the’

wheel itself [9]. ‘This could account for an observed difference in the pitch of+corrugations produced by haxd and soft tires [1].

2 Model

Imagine a flux of cars traveling with some average horizontal velocity v.
along a road surface whose height above some arbitrary zero level is given as

a function of time t and position ¢ along the road by H(a, t); see Fig. 1. The
cars are supported on springs, such that the natural angular frequency of

vertical oscillation of the cars is wy. Further, we assume that the springs are

damped with damping constant6. LetZ(:c,t) betheheight of a moving car,relative
to a zero level chosen auc thatH(x,t)— Z(2,t) is the amount bywhich the springs are compressed Vin a frame of reference moving horizontallywith the car, the vertical component of the car's equation of motion comes

|
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Figure 1: A schematic picture of the corrugation of roads. ‘The road surface is

subjected to a flux of cars with horizontal speed v., and the cars are modeled

as damped harmonic oscillators with mass M, spring constant Mu, and
damping coefficient b. The heights of the cars and the surface are Z(s:,t) +¢

e and H(c,t) respectively, where ¢ is the equilibriumlength of the spring.
simply from Newton's second law,

& a
SU (a,t) +d£[2(2.t) — H(2.t)] =

MEyA(at) +05 ae t)—H(s.t)]
Mas[H(a,t)— Z(z,1)]. (1)

‘The time derivatives here are total derivatives: that is, the relevant value

of x is time-dependent, since this equation follows the vertical motion of @

single car. We may convert this into an equation for the height of the car at:

a fixed « by replacing the total time derivative d/dt with 0/01 + ve(0/d2).
‘Thus in a reference frame that is fixed to the road bed, the vertical equation
of motion is

a, ay a. 9aM (5+-2) a+6(Jang.) (2-H)
+Mw}(Z — H) = 0. (2)

Note that we haveneglectedany possible variation in the horizontal velocityvz of the cars. U/
|



We must now write an evolution equation for the height H(,t) of the
road surface. We assume first that the road surface sinks at a rate which

is proportional to the downward force on the road. ‘This may be due to

compaction of the road bed under the surface or to ejection of loose grains at
the surface as a car passes; in either case we expect that the proportionality

constant between the downward force on the road and its rate of sinking
will decrease as the road sinks. That is, the road should harden as more

and more cars pass over it. In addition, we assume that there is a “diffusive”

relaxation process which tends to even out any roughness in the road surface.
This can result from the action of wind or rain, and may also contain a

contribution from the passage of the cars, aste loosely connected grains at yw”the surface are fluidized by the flow of cars“Again, we expect the effective Reed
diffusion coefficient: to decrease as cars pass and the road hardens. Withyetthese assumptions, the equation of motion for the road height reads yy”

rp on en 2 5 ao
Ke Fe = DUM ae ~ att) [Mg + Mug(H — 2), (3)

yx where Mg is the weight of acar. We are neglecting the geometrical distinctione “DY — vetween GH/0t and the rate of motion of the road surface normal to itself,
and also the fact that the compressive force is not really vertical when H

is not constant, These are satisfactory approximations provided the vertical
scale of the surface corrugations is much smaller than the horizontal scale.

However, these effects should be included in any model of road corrugation
which is nonlinear in the amplitude of the corrugation.

‘The proportionality factor a(H) above represents the softness of the road,

that is, its responsiveness to compsessing forces. Tt should include the flux
‘of cars as a multiplicative factor? as the rate of road sinking should also

depend on the density of the traffic it sustains. The compression term shesildbe replaced by zero whenever the quantity in brackets is _negative”since
‘that represents the situation in which the cars are airborne, so that the

compressive force on the road would really be zero rather than negative

Requiring that the road harden as it compacts means that a (and probably_
also D) should decrease as H decreases, so we wanta(#)to be positive and_
an jncgasing function of H. A physically acceptable form of a(#) is shown

Before proceeding, we first nondimensionalize the equations of motion for
Zand H. We choose the time scale to be 1/wo, the horizontal length scale to
be v./w, and the vertical length scale to be g/u3. ‘The equation of motion

‘ |
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Figure 2: A physically plausible form for the softness or compactivity func-
tion a(H). We require a to be an increasing function of H which either
approaches zero for H -» —co or vanishes for H below some fixed, finity”
limit. v

e for the cars then becomes
aay (8 a

(5+3) 2+ Rtg) e-M+z-H=0, (4)
and the equation for the road surface is

oH eH

op = Al ge - CHL + A 2), (5)
where the new dimensionless parameters are given by

T=b/2Mup, — A(H) = (wo/v) D(H),
a(H) = Mupa(H). (6)

‘The parameter I’ is a property of the cars alone; the cars’ springs are un-
derdamped for P< 1. Since the instability is controlled by the interplay

of essentially two mechanisms, ejection of grains from the surface or com-
paction of the road by the flux of cars and subsequent relaxation of the road
surface due to diffusion, P and A will control the dynamics of the surface.

As we will see, the hardening of the road also plays an important role in the

development of the instability. .

|
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83 Linear Stability Analysis

We may solve the system of partial differential equations (4) and (5) numer-
ically, and we will discuss this below, but useful information regarding the

behavior of the system may also be extracted from an approximate linear

stability analysis. ‘The first step in the analysis is to recootize ‘that. as time
increases, the spatially averaged values of Z(x,t) and H(e,t) will tend t
decrease, reflecting the gradual settling of the road bedWe denote this spa-

tially averaged, i.e. spatially independent, quiescent solution by H(t) and ok:
Za(t).. Substituting this solution into the equations of motion, we find that
it satisfies

—

y+ 20 (Sy — Ho) + Zo — Ho = 0. (2)

and
;

Hy = —a(Ho)(1 + Ho - 20), (8)

‘The full solution may now be written as

H(a,t) = Ho(t)+h(a,t), Zw, t) = Zo(t) + 2(2,t). (9)

e in which the functions h(x, #) and 2(e, 2) wil carry information about pattern
development. Substituting these forms of H(2,t) and Z(z,t) into (4) and
(5), using (7) and (8) for the time evolution of Z and Ho, and expanding to
first order in h and 2, we obtain the following linearized equations of motion:

a. a\ ee)

(5+) 242 (Rtg) eM te-n=9, (10)
Oh .®h

Fes AG lh 2) Bh, (11)

where @ and A are evaluated at H = Ho, and 0 is given by
, dina HeB= (1+ Ho~ Zo)ov( Ht) = alt), a2)

‘The last equality here follows from (8). Note that # should be positive, since
we expect that a will increase with H and decrease with time.

If a and A are nontrivial functions of H, then it is not simple to solve

the linearized equations (10) and (11), because the coefficients in the latter
equation are functions of time. However, we may perform an approzimate

|
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stability analysis by regarding a, 8, and A as constants, at least for short
time intervals, and calculating the linear growth rates that. obtain when those

parameters have their current values, ‘Thus we will determine time depen-
dent growth rates and phase velocities, provided we can ascertain the time
dependent forms of a and A

‘We proceed by assuming both h and z to be proportional to exp(ikx-+ct),

where the linear growth rate a is in general complex. As usual, Re{a] is the
exponential growth or decay rate of the amplitude of a perturbation with

wave number k, and Im{a] is related to the phase velocity ¢ of that mode
through ¢ = —Jm{o]/k. This substitution yields

(9 + ik)? + 2P(o + ik) + Uz = [1 + 2 (o + ik) (13)
and

oh = —Ak*h — a(h — z) - Bh. (14)

Eliminating h between these equations gives the stability relation

((o + ik)? + 20 (6 + ik) + 1] (8 +0 + Ak*) + a(0 + ik)? = 0, (15)e from which we can fiud the growth rates and phase velocisies of spatially
sinusoidal perturbations in terms of their wave numbers.

It is possible to determine the stability boundary for the model, at least

parametrically, from (15). ‘That is, we could determine the locus in parameter
space on which the real part of the linear growth rate o, as a function of k, has

a global maximum at height Re{a] = 0. However, it is much more instructive
to simplify the already approximate problem further by taking a and A to be

small, as we expect to be the case once the road has had a chance to harden

sufficiently. To set. the stage for this calculation, imagine setting a = 0 in
(15). The cubic equation for ¢ would then factor. Two of the solutions would
always have negative real parts, since ¢ + ik for these two solutions would

be a root of a quadratic with positive coefficients; these represent decaying
perturbation modes. The third would be « = —8 — Ak?, so this mode too
would always be stable unless 4 is also small, on the same order as a or

smaller. Note that small a does not necessarily imply that # must be small,

because f is the logarithmic derivative of a.
Since we are interested in finding parameter ranges for which corrugations

grow, we now focus on the case where a, , and A are all small. As we just

saw, only one of the three solutions for o can possibly be positive; to leading

8
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Figure 3: ‘The approximate stability diagram in the (8/a)-(A/a) plane,
obtained from (16), for values of the damping parameter I’, ranging from 0.3
(top) to 0.9 (bottom) in steps of 0.1. All stability boundaries For P > 0.5
pass through the point (0,1). The flat road surface is stable above and to the

e right of the boundary eurve for the appropriate ° value,
order in the small parameters itis given by

1—k?) — 2k=6- AR + ai AoE) Ak uo=~8- AR bak ara (20)
‘We may locate an approximate stability boundary by seeking combina-

tions of parameters for which the real part of this has a maximum, as

a function of wave number k, at Re[c) = 0. Thus we solve the equations
Rela] = 0 and d(Re[o})/dk = 0 to obtain the critical values of B/o and A/a
parametrically in terms of k. The results are shown for several values of the

damping parameter I’ in Fig, 3. As is clear from (16), both @ and A repre-
sent stabilizing effects, so for a given I’, the flat road surface is stable above

and to the right of the stability boundary curve for that I, The stability

boundaries move down and left as T’ is increased, so damping of the car's

springs also tends to stabilize the flat road surface. One can show explicitly
that the stability boundary reaches A = 0 at 8/a = [4C(1+D)]"', and it
reaches J = 0 at A/a = [4P(1 —D)}"* for P < 1/2 or A/a = 1 for P > 1/2
Moreover, for small I - that is, when the oscillations of the car springs are

very slightly damped ~ the stability boundary is given approximately by the

9



Figure 4: The wave number of the perturbation whose linear growth rate

is maximal, plotted as a function of A/a for various values of the damping
parameter [ranging from 0.3 (top) to 0.9 (bottom) in steps of 0.1. ‘The
dashed curve marks where the local maximum in Relo(k)] merges with a

local minimum and vanishes. Between it and the dotted curve, Refo} has ar ) local maximum at the indicated k, but the global maximum is at k = 0.

line A+ =a/40.
‘To find the wave numbers of the most important perturbations, we first

note from (16) thet the parameter @ only enters the expression for the growth
rate additively. As a result, the wave mumber kar at which the real part of

« has its maximum is independent of 8; it is given explicitly by
A _ (= Bhgg)? = AT hie 1
el re on

Fig. 4 shows kinar 88 8 function of A/c for several values of the damping
constant P. (Below and to the right of the dotted curve, the maximum
growth rate is negative for any positive value of , 50 the flat road surface

can only be unstable when A/alpha is to the left of the dotted curve.) We
see that the wave number of the most rapidly growing mode decreases with

increasing damping I; it also decreases with increasing A/a, although the
dependence on A/ar is weak when T is small. In fact, for small T we always

have kina =1—T'-+O(T). In no case do we find Kay to be above 1. Recall
that k is the wave number of the perturbation in units of wo/v,. Thus the
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fact that knaz is always less than 1 means that the wavelength of the most

rapidly growing perturbation is always greater than (27/wp) te, the distance
a car travels in one period of its natural oscillation.

From the imaginary part of¢ we obtain the drift velocity c of # pertuation of wave number & (in units of vz),
2ar'k?

ox ~Inlol/k = Ga aa (18)
Note the factor a: since a is small, the drift velocity is small compared to vz,

the speed of the cars. Also, since a contains a factor of the number of cars

passing per unit time, the drift is actually a fixed distance per passing car,

rather than per unit time, The drift velocity is positive, so that corrugations
are pushed in the direction that traffic is moving as they develop. It reaches
its maximum value of @/2P at k= 1.

4 Numerical Results

e Since the linear stability analysis of the preceding section is only approxi-mate, we have found it useful to check its results by carrying out numerical

simulations of the full model given by Eqns. (4) and (5). We choose a
wave number k, choose a sinusoidal form for the initial H(x) and Z(x) with
small amplitudes, and then integrate the equations on an interval of length
2n/k with periodic boundary conditions. We the monitor the amplitudes
and phase velocities of H and Z os time passes. The logarithmic derivative
of the amplitudes with respect to time gives the instantaneous exponential
growth rate o(t).

For the non-constant a cases we use the simple ansatz

a(H) = a9 exp(eH), > 0, (19)

which has the qualitative form shown in Fig. 2 and is mathematically

tractable. ‘The parameter € controls the rate at which the soil hardens. We

may solve for the time evolution of the quiescent road level Hy provided a

is small, for then Zo varies on a much shorter time scale than Ho, and so Zo

should always remain near Hy. Then (8) reduces to

Hy = —a(Ho) = ~a0 exp(eHlo). (20)

u|
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‘This can be integrated immediately to yield exp(—¢Ho) = ecto(t + to), where
to is a constant of integration. From this we get

1

O° try (21)
and from the definition (12) of @ we then get

a

Bara (22)
so that the combination /a that appears in the approximate linear stability
analysis is just the constant ¢.

Figs. 5a and 5b show typical numerical and theoretical determinations of

the growth rate Re(a(t)] and phase velocity c(t) = —Jmjo(t)]/k for a given
by (19) above and A constant, for various values of the hardening parameter
= G/a. As expected, for a given value ofk the agreement is quite strong;this continmes to hold over a range of ap and ¢.

It is clear from the the linear stability analysis that if the diffusion pa-

rameter A remains finite as « decreases to zero, or more generally if ¢/Ae goes to zero as the road compacts, then we will eventually reach a situation

in which diffusion dominates the dynamics. From that point ou, any corru-

gation in the road will decay. On the other hand, we certainly expect that

as the road compacts and its surface hardens, the hardening should inhibit

the lateral transfer of material which we have modeled as diffusion, as well as

further compaction of the road. We see, then, that in order to get nontrivial

corrugations on the road surface, we must have A decrease at least as rapidly
as ar as the road compacts

‘To investigate the possibility of generating corrugation patterns, we ex-

amine the simplest nontrivial case, namely where A and a have the same

H-dependence, A(H) = Agexp(eH) and a(H) = agexp(el). As above,
this ansatz leads to B/a being constant — specifically, equal to ¢ ~ and all
three parameters @, 8, and A decreasing as t~) at long times t. From (16)
we then see that the linear growth rate @ is also proportional to ¢~! for large
t. Figures 6a and Gb show this slow decrease of the real and imaginary parts

of a(t) for a few single mode solutions, arrived at by numerical solution and
stability analysis.

Since o is the logarithmic time derivative of the amplitude of a pertur-
bation, we see that the amplitude itself grows or decays algebraically in the

2
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long-time limit:

and =o= ite + Ax (t-+to)”. (23)
Thus the growth rate of the corrugation amplitude becomes small at long
times in this model, but the corrugation does not reach a true steady state.

It is clearly of interest to determine whether restabilized steady states

exist. However, such states would depend on a host of nonlinear effects

which are omitted in the model embodied in Eqns. (4) and (5). While we
do not believe our model as presented is capable of predicting steady states,
we have observed a remarkable feature in some of our numerical calculations.

‘We have investigated cases in which a and A are constants. ‘These cases

neglect the hardening effect which, as we saw above, tends to stabilize the
flat road surface; the parameter 9 vanishes. ‘The linear stability analysis is

then exact, and we expect to find purely exponential growth or decay of A.

and z, Our numerical calculations show that modes that. are stable according
to the linear stability analysis do indeed decay in amplitude. Modes which
are linearly unstable grow until their amplitudes are so large that we have

@ 1+ H(c,t) — Z(@,t) < 0 for part of the cycle. When this happens, (5)suggests ~ unphysically - that the compression of the road is negative. What
is happening here is that the cars are losing contact with the road. ‘To avoid

having the road surface spontaneously ise when an ajborie car passes overit, we set a = 0 whenever we are in this situation.

Such a detachment in fact does occur in real situations, and has been

termed_“bouncing” {9]. In a laboratory experiment involving two rotating
disks that are in contact with each other under static compression, the two

disks lose contact and bounce against each other when the amplitude of the

corrugation along the perimeter of the disks exceeds about 1/3 the static
compression. In the case of a car moving on a corrugated surface, such
bouncing will kick the car into the air, but the car will quickly land in a

different place, a mechanisin suggested by Mather [2]. Such a bouncing
motion should involve a local flux of the cars and a saltation function that

relates the landing position to the start-off position, as in the case of wind-

blown sand {5, 6, 7]. We note that such a nonlocal behavior would be difficult.
to account for in the model completely, but our mechanism of setting@ locallyto zero captures some of its flavor. Our expectations are that the modes that
grow large enough to be subject to the local removal of the the force term
in (5) will obviously have their growth rates reduced from those predicted

13
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by the linear stability analysis in the absence of such a force removal, and
that this reduction in growth rate may be sufficient to generate steady states
with finite amplitudes, ‘To test this intuition, we numerically solve the system

using single cycles of sinusoidal modes k, in periodic systems whose lengths
are a single wavelength. The initial disturbances are chosen with amplitudes
large enough to cause 1+ H(2,t) — Z(z,t) to be negative on occasion,

Provided a given mode is unstable according to the linear stability anal-
ysis, our numerical analysis indicates that it evolves toward a quasi-steady
state in which the amplitude and phase velocity c of the road corrugations

remain fixed, even while the average height of the road bed continues to sink

Fig. 7 shows the steady state amplitudes of A as a function of & for T, A,
anda as given in the figure caption. For fixed k, the steady state amplitudes
increase with increasing a. ‘Thus we see for this choice of parameters that
softer roads (i.e., larger «) support larger disturbances in the steady state
than do harder ones. ‘This result is intuitively satisfying, as we expect the

case of deformation of the material to correlate with the amplitude of the dis,
turbance it supports, The phase velocities of the quasi-steady states exhibit,
particularly interesting behavior. Fig, 8a shows the observed quasi-steady

e state phase velocities, plotted as symbols, and an “envelope” in the k — ¢plane. If there were no step function in the term in a, the phase velocities
would lie in the region bounded by the envelope. The top curve would be the
velocity curve for the largest o used (0.0055) and the bottom curve would be
the velocity curve for the smallest a used (0.0040). The step fimction in the
compactivity has forced the phase velocities to “collapse” so that they seem
to lie along or near a single curve in the k —c plane. Examination of the
quasi-steady state velocities on a finer scale, as shown in Fig. 8b, indicates
a persistence of the kind of variation of phase velocity with softness we have

typically soen (that is, the softer the road, or equivalently the larger a is, the
greater the phase velocity, all other things being equal), though this variation
exists on a much finer scale in the steady state case than in the case in which

the step function is not invoked.

Even though we have identified interesting steady state behavior in the

solution of the differential equations in this limiting case of a being constant,

we must reiterate that setting a to a constant is certainly unphysical, and

that many nonlinear effects have been omitted from our model equations,
Moreover, our model does not account carefully for what happens when con-

tact with the road and cars is lost; it merely turns off the coupling between,

cars and road in the equation of motion for H(,2), and furthermore as- .

u
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sumes the evolution of Z(2,t) remains well described by Eq. (4). Thus we
cannot expect that our nonlinear calculations will speak to the behavior of
real roads. Nonetheless, we find it remarkable that simply setting a = 0

when 1+ H(z.) — Z(2,t) is negative seems to contain the growth of the
unstable modes.

5 Conclusions and Prospects

In this work, we have explored the origin of the corrugation instability of

dirt roads subjected to a constant flux of cars. We have presented a simple

phenomenological model for the evolution of the road surface and carried
out a linear stability analysis to uncover the gross features of the instability.
{From our approximate stability analysis and its numerical verification, we
find that the dynamical processes of diffusion and compression in a road bed
are sufficient to generate instabilities that, can give rise to pattern formation.
Small-amplitude corrugations on the road surface grow when the diffusion
parameter A/c and the hardening parameter 8/a lie below the stability

boundary (for the appropriate damping coefficient I’ for the cars) shown in6 Figure 3. From the definitions (6) of a and A in terms of the original,
dimensional softness and diffusion coefficients a(H) and D(H), we see that
the dimensionless combination A/a’is inversely proportional to the square of
Uz, the horizontal speed of the cars across the road. Thus we find that there

is a critical car speed above which the flat road surface is unstable. Also,
since a(/) is proportional to the flux of cars, there is a critical flux for any
given speed, above which the flat road is unstable. Both diffusive relaxation
and hardening of the surface are stabilizing effects. The wave number of the

most rapidly growing mode is given implicitly in dimensionless terms by (17),
which is plotted in Fig. 4.

Our model is clearly schematic; a quantitative theory of road corrugations

would need to incorporate a numiber of effects we left out: of our calculations.

We have not attempted to account, for instance, for the geometric distinction

between Gh/Gt and the normal velocity of the road surface as it compacts,
nor for the fact that the force exerted by a moving car on a corrugated road

surface is not purely vertical. For these reasons alone we have not carried
out any nonlinear analysis on our model ~ the model is explicitly not valid

beyond linear order in the amplitude of the incipient corrugation. We have
also ignored all details of the physical processes by which the road compacts,

15



50 it is not clear how well onr phenomenological picture of compaction being

proportional to applied vertical force or impulse can describe the dynainics
of a real road, Our model for the cars is the simplest possible, neglecting

the multiplicity of oscillation modes of real cars and the Hertzian nature
of the contact force between the tires and the road. In particular, the fact

that real vehicles have two or more pair of tires separated by fixed distances
may introduce a new, relevant length scale into the problem. Finally, a
quantitative theory would have to incorporate distributions of vehicle sizes,
weights, oscillation frequencies, speeds, and the like,

Despite the fact that most: nonlinear effects are omitted from our model,
we find particularly interesting the munerical result that simply setting the

contact force to zero when the equations would make it negative can lead to

an apparently steady state. At least this results in a drastic slowing of the

dynamias once a certain road configuration has been established. Continuing
work will focus on determining the selection mechanism of such ‘frozen’

states, and their response to local perturbations. /
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Figure 5: (a) Linear growth rate Re[a] and (b) phase velocity c vs. time for
single mode solutions in the case a = ao exp(eH) with k = 0.90, ag = 0.004,
T=0.1, A= 0.01, € = 0.5 circle, 0.1 square. 0.05 diamond, 0.01 triangle.
Continuous lines are from numerical solution of the full equations, symbols

from the approximate linear stability analysis.
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single mode solutions with « = ao exp(eH) and A = Ap exp(¢H). Parameter
values are k = 0.85, ay = 0.006, Ap = 0.01, P = 0.1, € = 0.5 circle, 0.1

square, 0.05 diamond, 0.01 triangle. Continuous lines are from numerical
solution of the full equations, symbols from the approximate linear stability

analysis.
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e Heat Flow through Windows Dec 28, 1984
I started into this subject by looking at the Utah handbook and also at Dave

Andrews computer program. The first thing you learn is the definition of "R" :
.

. gt ogse —>Qe= Ax ste horWR A R (AFRe QTu/HR,

Insulating materials are rated by their R value. “For example, a window is “approximately

Rel" while 3.5-inches of batting is R = 11. You quickly learn that books and technical

materials are in SI units, so you have another similar equation,
Es

mm
. a 9

uit, > Q= Aeste~
ae 2R am — °K— & ("EKR Wek

The basic conversion factors are as follows:

2 «

H-F\_ 527 R (mr@ twit= Bafa a(S = 5 w-
2\m= 10.76 4 .

. ave

“Ka re ap). pat aor | Ale) lon), fer(en) 37, (oonIK = 3°F aie Es Gam eo |alata
In the case that the thermal resistance is caused simply by the conduction

through a non-convecting substance, you can relate R to the thermal conductivity k
.

as follows: ™

sg re
CF = k( Wack )x Ax AEtem

of oeki @ k= @

For example, consider the 3.5" batting as if it were just air. Then you can
compute as follows:

" ot a > 0R= 355sg ¥ [BE = 3.4K = Iho Barar 126410 2S BM/ hx.

We compute 18, but the actual value is 11. Presumably becuase the batting contains solid
material which conducts much better than air, air is humid, etc etc. Ball park OK.
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Now, if you compute the conduction resistance through a 0.25" thick window,t ) you get a very low R value:

i stO25 mm 125i ow 2 on yR=Sa ee 004 mK = 033 H-°F ~ a wtVanek LS w arn 30

If this were the actual resistance of window, you would be in real trouble. Lucklly

the main resistance comes from the convection layers on each side of the glass, in

particular on the more controlled inside layer. (Handbook ways R about 1 for window...)

Convection Layers .

According to the quoted equations of O'Callahans book, here are the equations for

the effective R value (in meters, K,watt units) of a vertical convection layer:

Ly). as isR= (BF) fomiar funichn ck OT) = 6
+

= g(LyR= .6Gz)> dwlosteat

The first thing you notice is that the resistance decreases as the temperature differencee increases! (Totally unlike conduction where R = indep of temperature roughly). Luckily

the power is a weak one. For 65F inside and 25F outside, you have dT = 40F = 25¢.

Aso windows are about Im high (this is L). Thus, folow is turbulent which means

slightly lower R. For 25 get dT**1/3 = 2.9, for 100 get 2.0 so call it 2.5, no 3.0.
Thus, you get R = .6/3 = .2 SI units for a single layer. In British units multiply

by 5.27 to get R= 1, as claimed! So, with a OF degree difference, you get Rel for

a single window. You should regard this as resisteance between isothermal inside

window surface and the bulk air temp of the room.

.

. ° . 2singe wind = BT= HOF (85°F andside) R=. SL
funbwdedk downed 1.0 Amunian Waste,

_ Moe

eK |.co rf a

ee RM ee
e > ge
x

+2006 :
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‘The convection layer is perhaps only 1 cm thick. We have assumed natural convection.

If something acts to make this not so, eg, a heat vent blows directly on a glasse window, you have forced convection and resistance decreases, perhaps a lot! One

assumes that there is a windy exterior so you cannot assume a layer on the outside

of the window. Nevertheless lets compute it:

Convection layer on each side of window. If total temp diff is 40F, then only 20F

drop in each convection layer, so dT = 12C for each layer. This gives R = .26 rather

than .20 for each layer, so total is R = .52 and R = 2.5 in British units. You have

more than doubled R by having a Ipyer on each side. Unfortunately you cannot really

control the external layer due to wind.

Storm window. (wide) Lets assume that storm window is thick enough that you have
“bulk in between so you can treat as series stuff:

Eeae fi) Iseiy= ?©
Now you have not one but three surface convection layers and a bulk still air layer as

well. If the central area is only a few inches, you may not have any “still air" in

there but rather a single cell as shown in red for convection. In this case you cannot

really include a central bulk air insulator. So lets assume that is the case. Then

roughly you get 8C across each layer which means R= .3 for each layer so R=0.9 for
total system which means R = 5 roughly for the combined storm window. If there are

large leaks where air can flow from the room into the air space, then you are really

back to the single window again, and the second layer has ho effect, ie, both sides

are at the same temperature. Thus I think it is important to seal storm layers.

Curtains: really the same as the storm window analysis except you have to make sure

no gaps at top and bottom and air cannot flow through them! Otherwise much less effect.

(We have not yet done radiative effects).

e

‘
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® Air Gap windows: lets assume gap is so small that convection cannot occur inside
the window. Assume a 0.25" gap of air. Air insulates about 40 times better than

glass (see K values), so we would get R = 1.3 from the gap. (British). Add to this
R = 1.3 for roomside convection layer so that R = 2.6 British for wuch a window,

as compared to 1.0 for single window. I am not sure what commercial double glass

air gaps are. If it is only 1/8th inch gap, then you get R = 2.0 for double glass.

This agrees with Utah book and Andrews program, more or less.

Heat Loss thru front wall glass at 457 Club . Assume 9 panes at 1 meter each so

area = 9m. Assume 40F difference so R=1 British. This means R = .2 SI. Temp

diff is 25C. Then Qdot = BX 9x 25 / .2 = 1125 watts. = 3800 BTU/hour. This is

92,000 BTU/day or about .9 therm per day which means 27 therms/month = $13.50/month.

Sunfe went ah od |

Heat Loss through cetling/ Assume 1000 square feet of ceiling for upstairs. Assume
Rell mainly from batting.’ Then Qdot = 1000 x 40 /14 3600-BTU/hour . This is

i 3333 -

another .86therms/day. drside.cmvectinba180
amottrn 4@ ode ne 3 sey”Heat Loss thru walls. I looked through back room speaker. Walls aré brick + 1.5"

batting erushced in there + sheetrock s0,R = t+ 4.0 + .3 = eT say. Assume
1500 ft of wall, so Qdot = 1500 x 40 / be?=32,700 BTU/hour out the walls. (Iassumed windows ~ wall). This se.gegtherns/say.!2.

Heat Loss thru floor: call it same as ceiling because batting is the same. So about

1.0 therm/day through upstairs fllor.

Summary: counting only conductive heat loss, we have this summary: (upstairs only)
25F outside

ceiling loss 1.0 therm/day 65F inside
floor loss 1.0 therm/day
wall loss 3.0 themm/day (windows all curtained)
front glass 1.0 therm/day
kitchen glass 0.6 therm/day

Kitchen windows: big ones are 50" x 60" each = 21 square feet = 2 meters each. Other

is 60' x 34! = 14 feet = 1.3 m* so total is about 5.3 meters, so about 0.6 therns
leaks out there if not covered. How good is the covering???

Ball Park? Gas use is about 10 therms/day very worst case, both furnaces, so maybe

7 therms/day upstairs, and this agrees nicely with above sum.
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e Conclusions: a square meter of window assuming Rel lets 3 therms/month leak outy = Which is $1.50 month, assuming 25° F outsdie, ie, a cold month. If you cover that
window perfectly, you might reduce the loss by factor of 5. A crude cover like

loose curtains probably buys you a factor of 2.

What improvements can be made?

1. By shutting off that back room, probably saving 10-15% of that $100.00 month
upstairs bill because that much less ceiling walls etc to heat. Save $15.00/month.

22

2. By keeping all curtains closed over all 3% meters of glass in house, save perhaps

effective Reckumexiiit ci HoccicxSixcfexdhmkms Lamm MREOOEE AXEL EMER LEA
Check this: backbed has 1.3x2 = 2.6 meters. Bed has 1.7 meters. Kitchen has 5.3 meters.

Front is 9 meters. Slide door is 3.3 meters. Total upstairs is 22 meters. With R-l

loss through total upstairs glass would be 24 therms/day. With curtains raising R to

2, say, we save 1.1 therms/day or 33 therms/month or $16.00/month. ak, nfsfayWy mathsey 2")
puracsiters

SS Sian inks hy 8°17 gor.e Radiative Loss through Window: I tragic read somewhere that the night sky has effective
radiation temperature of about -/5C/ even though this is not the external air temp.

Since OC is ‘273 K, we can compute what 1 meter of glass does in this ragard:

é aw. \ 1
Qe S9x10- | (ansH8e) —(273-yse)) ] = 250 wallemtaag * |LP ED1.2410 2.910"

This is about double the conduction loss, by the way, all the more reason to keep

curtains closed at night. During the day things are different, especially for southern

windows. :

Infiltration Losses. Assume a leak that is very small, perhaps only 1 ft?/minute or
60 t3/nour. Assume LOF temp difference. Each cubic foot of air requires .02 BTU
to raise 1F (Utah book page 25). Thus 60 ft/nour 40 degrees means about 50 BTU/hr or

1200 BTU/day or .O1 therm/day or 1/2¢/day not very significant. (15¢/month). Of course

100 such small leaks could add up to $15.00/month. Based on this, I see no reason to

go crazy plugging little leaks everywhere.
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I have been thinking about glass fireplace doors as a "fix" for damper leakage.
lets try to make quantitatice cost analysis of doing this. We know that our
cold months therms use is about 7 therms/day. Roughly a therm costs $20/month.
In summer, you use about 1 therm/month for hot water and gas dryer use, that is
why summer bill is about $20/month. In winéer this rises to $140/month in the
woxst few moths. Lets think only about these months.

The entire house leaks 7 therms/day on one of these months. If I were
to leave the damper open all the time, and if downdraft is about 10 cm/sec (move
your finger to see that this is reasonable) or 4 inch/sec, and if damper is
100 square inches area, then you would lose about 1/3 therm/day in this way.
That is fully one third the complete loss through the ceiling, or floor. That
represents an added $7/month on winter bill. Even in this case, you would have
to go a lot of years to pay back a $1000 glass screen.

With the damper closed, yes there is leakage. I have eyeballed it now. It is
roughly the area shown on right edge of this page, its in two pieces along one
edge of the damper. I call it 1/4" by 12" = 3 square inches. This is 100 times
enller than when damper i6 open! Thus, loss is maybe 7 ¢ / month. Truly this
is something we need not worry about. Yes, there will be a slight draft. Candle
shows how draft is mich more when damper is open.
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@ First, the big picture. Backgroua ‘gas‘tse for hot water and dryer seemsto be about'l therm) day. This is 100,000 BTU/day. This gas uses coste about. $20
per month. Nearly all of this is hot water use, mainly for showers. Dryer is
25000 BTU gas on, so one hour/week at 15000 BTU means 15,000 BTU/week or 1/50 therm
day, completely negligeable. Hot water heater holds 40 gallons and recovers at

33.6 gecntons/hour ‘for 100F and fires at 40000 BTU, so you might say it takes
50000 BTU to heat up 40 gallons. I would guess than my showers almost use the
whole tank, so maybe 1 shower = 0.4 therm. The rest ie dishes and cleaning and
other hot water use, laundry, dishwasher, etc. All in all, I probably use about
1 therm/month hot water + gas drier and this gives a bill of $20/month or
$21,0/year.

Now, total gas bill is about $700/year. You may conclude that the heating
bill is therefor about $460/year. Roughly the heating season is Nov thru April
or 6 months. Average monthly heating bill is therefore $77.

Consider that $460/year heating bill. We think we know how that heat "leeks"
out of the house. House is a box. Top = 15%, floor = 15%, walls = 35% including
draped windows except IR and K, 15% thru front LR glass, and 10% thru kitchen
glass.

Crude estimate: if you were to replace entire IR glass, you would raise
R from 1 to 2, and heat loss would be cut from 15% to 7%, saving about $35/year.
However, cut this in half because I have plastic on 2/3 of this glass and curtain

use, 80 maybe save about $i5/year. probably each window is $200, or total walle would be $2000 including sliding glass door. Pay back time is then about 133 years!
Room would be a little warmer, but I just can't see the economy of doing this!
Much of the cost is of course labor to install those new windows. Its like factory
air versts installed air in a car. It might be worth doing in a new house, but
not as a retrofit. If you want it warner in there, just up the heat.

My top three plastic sheets probably save 5% of total geating bill or $23/year,
0 it does pay for itself.

I think this 100 year payback time is typical for a window:analysis. Goodman
said $200 for a big window installéd, and I think you only save $5/year at most,
so call it 40 year payback, not worth it.

The fireplace doesnt even register! With damper closed, I figured 7¢ loss in
worst winter month. Definitely glass $1000 deal there not worth it from that point
of view. While fire is actually burning, there can be a difference, but not really
much.

So OK here is the conclusion. You have inherited an energy non-efficient house.Walls are not very good, nor is ceiling, nor are windows. The cost of really upgrading
the whole thing is probably on the. order of $5000-$10000. You might save $230
per year, for pay back of 20-40 years. I would rather some other owner worried
about this and not me. J will just pass it on. Probably cheapest thing you could
do is double attic insulation. This would cut maybe 7% or $35 orr annual bill and
would cost maybe $300, so 7 year payback. Even that is marginal. Morover, heating

e costs are now dropping. ~ “ ?
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You (and your computer) could become pretty popular save us in heating costs over a season is not quite ES
when word gets out that you can analyze the benefits of as easy to determine. One way would be to keep .
home improvements on fuel bills. This program is in _ records of our heating bills for one season, make .
Microsoft (Apple, PET, OSI, etc.) and Atari BASIC. __ the improvement, and then keep recordsof our :heating bills for the next heating season. There :
Lately there has been a great deal of interest in are two drawbacks to this method. :
saving energy in the home. Nobody needs to be First, the severity of the weather will vary %

reminded that fuel costs are rising. We all want to. from one year to the next. If the first yearis severe | °
reduce our energy bills. The way to do this is and the sécond is mild, our heating bills would be
simple: reduce household energy consumption. _less even if we made no improvements. This :
There are a number of ways this can be done. problem can be corrected by adjusting the heating :

The cheapest way is to change habits. An __costs using weather data for the two years. :
example would be setting the thermostat back to The second and biggest drawback to this
a lower temperature and wearing heavier clothes. Method is that you can’t find out if an improve-

If you're not too keen on that, the next alternative ment is cost effective until after you have installed Cy@ isc improve the ability of the house to protect _ it. Ifit turns out not to be cost effective, itis too
you from the elements. Insulation could be added late to decide not to implement it! es
to the walls, floors, attic, and heat ducts. Weather-___ What we need is a way of predicting savings.
stripping could be applied to windows and doors. If we know the weather and the heat loss charac-

Storm windows and doors could be added. teristics of the house, we can estimate the heating *Improvements such as these reduce the cost. By calculating the heating costs based on "
amount of heat that the house will lose to the __,_heat loss characteristics of the house both before
outside. But which of the above items would save and after the improvements, we can obtain the

us the most money? Which one would cost the. _estimated savings due to the improvements. This
least to implement? Or, better yet, which will". _, is-what the program here does.
give the greatest savings for the least amount of ”” To gather the data needed by the program,
cost? It’s this last question we really want to __ * you will need to make some measurements and
answer, . + .dbserve insulation levels in your house. The first

The best measure of the cost effectiveness,of* thing the program calculates is the heat loss of the
an energy saving improvement is the payback * house. Heat loss of a house depends on three
period. That is simply the amount of time (in things: the thermal resistance, known as the R-
years) it takes for the savings in energy costs to‘, "value, of the structure; the total area of the struc-
add up to the total cost of installing the improve- * tire exposed to the elements; and the temperature
ment. Obviously, the item with the shortest «difference between the inside and outside of the
payback period is the best candidate for im- house. So we simply need the area, R-value, and

plementation. To determine the payback period, __ the difference in temperature. .
we must know two things: how much it will cost The only problem is that different parts of
to make the improvement, and how much it will __ the house have different R-values. Windows will
save us on utility bills fora year (a heating season). have a lower R-value than walls, for example. In

Obtaining the improvement cost requires con. general, you can divide the external area of thee@ sultinga contractor or, if we plan to doit ourselves, house into five categories: windows, doors, walls,a building supply store. ceiling, and floor. The program requests informa-
. " tion on each of these five categories in turn.

Predicting Effectiveness For windows it requests height, width,
Finding out how much the tmprovement will number of windows (it calculates total window
84 COMPUTE: Jonuary. 1983, .



area from these items), and type of frame and the program. The program will still give you valid} °
number of layers of glass. The number of types _results for savings and payback. However, using
and/or sizes of windows is requested first. Most _ the correct outside design temperature gives youhouses will have several sizes of windows, and _the advantage of seeing what the furnace size
there may be storm windows on some and not on would be for your house with and without the

others. The program allows for up to ten different _ improvements. In fact, heating engineers use the |types and/or sizes of windows. If you need more, _same basic method as this program does to sizechange the dimension of S in statement 180. furnaces for houses.

Only one size and type of door is allowed. If When the program finishes calculating theyou have sliding glass doors, you should consider heat loss of the house after improvements, it is
them another type of window. You need to get__ ready to do the cost analysis. First you are asked
the height, width, and number of doors. Re- for the type of heating fuel you use: electricity,
member: these are exterior doors only. =

Information needed for the wallsconsists of Table 4 Winter Design Temperaturestype of construction and R-value of the insulation 5
~in the wall. If you entera negative number for the cry TEMPERATURE »R-value of the walll insulation, the program will * MONTGOMERYAL, 6give you a list of typical R-values for wall insula- JUNEAUAK neition. To get the area of the wall, the program asks PHOENIXAZ « neoorfor

the ceiling height, total perimeter of the house, SACHAMEARA © B *and the number ofstories in the house. The pro- DENVERGO Po Bowe
gram will calculate the gross wall area from this » HARTFORDCONN 5 “
data and subtract the total window and door area DOVERTDELEFL : 15 -to obtain the proper wall area. TALLAHASSE 3 .
One Hand Calculation HONOLULU HI ~4 BOISEID 10The only time you have to calculate area yourself SPANCHIELDIL qis for ceiling and floor. For the ceiling, you will be INDIANAPOLIS IN 4
asked for the number of inches of insulation in DESMOINESIA 3the attic and the type ofinsulating material, For TOPEKA KS 6the

floor, the type of foundation is requested. BATON RonentA 10
In addition to the heat losses mentioned so AUGUSTA ME + ® .far,
there are two others. The first of these is BALTIMOREMD. 20 adinfiltration of outside air through cracks in win- BOSTON MA 10

dows and doors. The program asks if the windows LANSING MI 6
and doors are weather-stripped. It uses this infor- ST.PAULMN a0

JACKSON MS, 24mation and the total length of the cracks around JeercRSON erry Mo 2
windows and doors to calculate infiltration. The HELENA MT as
other heat loss is in the heat ducts from the furnace LINCOLNNE oto the heat registers. The program asks if your CARSON CITYNV 7

heat ducts are insulated and where they are lo- SRR NH 7cated. This concludes the input needed for cal- SANTATERE i
culating the total heat loss of the house. At this ALBANY NY 3
point the heat losses are displayed, and you are RALEIGHNC 20
asked if you wish to make improvements to the BISMARCKND 219
house, COLUMBUS OH 7

If the answer is “Y”, you will be asked if you SXTAHOMA CITYOK 3
wish to improve each item. You can make im- . HARRISBURGPA B .
provements to one item or to any number of PROVIDENCERT. ore ~,
items. As you probably noticed, the first question ‘COLUMBIA SC BT
you are asked is what the outside design temper- NASRVADETN oxi.
ature is. The outside design temperature formy | NASHVILU eee
area (Atlanta, Georgia) is 23 degrees. The outside SALTLAKECITYUT «3
design temperatures for other areas are tabulated BURLINGTON VT 7
in Table 1. For a more complete list, consult one RICHMOND VA Sw t )of the references listed af the end of this article. f. OLYMPIAWA g Be oF

Actually, you do not need to put any specific MADISONWS. | iciee 1Shee. #temperature in here as long as it is less than 75 +, CHEYENNEWy" © “SGES® Bey a. #degrees, the inside design temperature used by ERA: Cae SE
8 commer Jerson,
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“+ fuel oil, or natural gas. Next you must input the __ list can be found in any of the references. The last

cost per fuel unit of the heating fuel. thing you must input is the total cost of the im-© esNote thet this unit costs in dollars, so if provements you made. From this data the pro-
natural gas in your area is 35 cents per therm, you gram calculates the payback period jn years.
should input .35 dollars per therm. 1 got pretty popular in my neighborhood

Using this data and the‘heating degree days, _when word got out that my home computerthe program calculates the total energy needed to could calculate how cost effective it would be to
heat the house for the entiré heating season. The _add insulation. I have also learned a great deal
degree days and name of the city are on line 7010. about my own home from running this program.
You should change this line to reflect your own’ Much of whatI concluded was what I expected,location. Some sample degree days for different but some conclusions surprised me. The program
cities are listed in Table 2, and a more complete _can definitely help home owners in assessing
—____ home energy improvements; it can also enable a
Table 2: Yearly Heating Degree Days home owner to spot dishonest “energy-saving”
IPEED, Ee a] Schemes pretty quickly.
ekORGS«Pe eDEGREEDAYS!,3>, MONTGOMERY.shoes: 22985Bie’ ReferencesSf)JUNEAUAICHE Sasha sorsgzate< y,, | 1, ASHRAE Handbook 1981 Fundamentals. Atlanta,Rigs PHOENIXAZ 2.53" Sigg “176505. ice Georgia: American Society of Heating, RefrigeratingSe TLEROCA Ss otal gage, nats £ | and Air-conditioning Engineers, Incorporated, 1981.As SACRAMENTOCN ECTHES. sotgevsis © . to | 2. Other Homes and Garbage, jim Leckie, Gil Masters,ES HARTFORDSee Gz3s¢ iF" 332" | Harry Whitehouse, and Lilly Young. San Francisco,Ee WILMINGTONDEL <>900 California: Sierra Club Books, 1975. -[> TALLAHASSEEFL 8041 1485. 93 “~~ | 3. Refrigeration and Air-Conditioning, Air-Conditioning 4+
IRE ATIANTAGASESGAs Dats S _ + | and Refrigeration Institue, Englewood Cliff, New AigBoIsetone, peneBE Saos S Jersey: Prentice-Hall, 1979. fa

— SPRINGRELDIE ACP. 5an0 >
, INDIANAPOLISING Jf" | 5699, +> Program 4: Microsoft BASIC

Qi. DEMONS FE, 8TOPEKAKS@*-3) 05, pt 5182 100 PRINT"{CLEAR}{2 DOWN} HOME EN|}. LEXINGTONKY “953°, 4683¢ ERGY PROGRAM
[” BATONROUGELA ”:.'* 1560: 116 PRINT: PRINT

* PORTLANDME , ~*~ ‘7511; 126 PRINT* BY DAVID SWAIM
. AMOREMD af Seat .. | 130 PRINT" P. 0. BOX 720126

ot EANSINGML. Le rte’ 6908 146 PRINT ATLANTA, GEORGIA 303 “o» MINNEAI SS. age. .
‘ST. LOUIS MO: >» 4484 16 REM COPYRIGHT 1981 DAVID C. SWA wil
HELENAMT, ' 8129, IM Ir dr
LINCOLNNE: 5868 179 REM otRENONV =

|

6332 * + | 189 DIM A(6) -Q(6),R(6) /RW(4,3) ,D(4) forSONCORDNH Be rIW(2,3) ,S(19) inc
ALBUQUERQUENM . 4348 390 om Bray OU ENS (5) eC(8) 1D ' *
AeA. te See 200 REM WINDOW R VALUES .
BISMARCKND~. 3851. 210 DATA 1.01,2.22,1.815,3.155 *
COLUMBUSOF >) y-= * 5211 22@ DATA .989,1.667,1.437,2.137 *OKLAHOMACITYOK. . . 3725 . 230 DATA .909,2,1.724,2.564

|. SALEMOR : | ATS 248 REM DOOR R VALUES *
HARRISBURGPA 5251 250 DATA .41,.75,-95,l-1 *
PROVIDENCERI * 5954. 268 REM FLOOR R VALUES AND TEMP COR
COLUMBIASC’’ “4 2s R tr

RAPIDCITYSD: 7345 :278 DATA 3.2,0,3-2,30,1.23,0 *NASHVILLETN j.. *A' 3578 wi
AUSTINTX 2. Se 7 289 REM CEILING INSULATION R PER IN “i
SALTLAKECITY

UT. +. 6052. cH -le BURLINGTON VT + > 8269 298 DATA 3.5,3,2-5,4.5,5.5
@iwctmonnye sss "5865 300 NS (1)="WINDOWS*= NS (2)="DOORS":NOLYMPIAWA™? 3, 7. 536-0 $(3)="WALLS"

CHARLESTONWV'....- 4476, . 310 NS (4)="CEILING":NS(5)="FLOOR *"
|.

, MADISONWS: "iri 7863,7 im 320 REM DUCT MULTIPLIERS P
lex, CHEYENNEWYS 7" o., 7380 336 DATA .2,.15,.1,-15,.1,.05,-1,.8a

Oe FOR ee DATA

0 covert rs. 69



340 DATA .2,.15,+1,e1,+1,-05,-05,.0 830 INPUT" {CLEAR} {02 DOWN}DO YOU Wr se
51.05 SH TO IMPROVE FLOOR";A$350
REM AIR CHANGES PER FOOT OF CRA 6.40 TP LEPTS(AS,1)="¥" THEN GOSUB 5cK a0

360 DATA 39,74,52,24,32,33 858 INPUT" {CLEAR} {G2 DOWN}DO YOU WI
370 REM READ WINDOW R VALUES SH TO IMPROVE DUCTS";AS ;38@ FOR F=1 TO 3 860 IF LEFTS(AS,1)="Y" THEN GOSUB 5
396 FOR G=1 TO 4 206

400 READ RW(G,F) 878 GOSUB 6600:REM REPORT RESULTS
410 NEXT G,F 888 Q2=TO/DT
420 REM READ DOOR R VALUES 890 PRINT:PRINT"HIT RETURN TO GET S.
430 FOR I=1 TO 4:READ D(I):NEXT I AVINGS"
44@ REM READ FLOOR R VAL AND TEMP C 900 GET AS:IF AS="" THEN 900

ORR 919 GOSUB 7600:REM CALCULATE A YEAR .450 FOR I=1 TO 3:READ RF(I),TC(I):N OF SAVINGS
EXT I 999 END 4

460 REM READ INSULATION R PER INCH 198@ REM WINDOW SUBROUTINE g
470 FOR I=1 TO 5:READ IC(I):NEXT I 1010 I=1:1F PK>1 THEN 1040 Fes

486 REM READ DUCT MULTIPLIERS 1026 PRINT" {CLEAR} {DOWN} HOW MANY DIF Ff
490 FOR KD=1 TO 2 FERENT TYPES OF WINDOWS"; £
500 FOR K=1 TO 3 103@ INPUT NX 3-8

510 FOR J=1 TO 3 1040 1X=1:CW=02A(I) =0:Q(1) <0 ad520 READ DM(KD,J,K) 1059 PRINT" {DOWN} ARE WINDOWS WEATHE aes530 NEXT J,K,KD RSTRIPPED"; bed *

540 REM READ AIR CHANGES FOR INFILT 1668 INPUT WWS a ;RATION : 1076 IP LEFTS(WWS,1)="¥" THEN IX=2 ee

: 556 FOR I=1 TO 2 1080 FOR J=1 TO NX xa
566 FOR J=1 TO 3 190 PRINT"SIZE";J:IF PK>1 THEN 1166 3
570 READ IW(I,J) 1109 PRINT"NUMBER OF WINDOWS"; e
580 NEXT J,t 1110 INPUT NW
590 REM INSIDE DESIGN TEMPERATURE 1120 PRINT"SIZE OF WINDOWS (H,W) FT"
600 IT=75:PK=1 A
605 GETA$:[FAS=""THENGO5 1130 INPUT H,W

610 PRINT"{CLEAR}{DOWN)WINTER OUTSI 1140 S(J)=H*W*NW 4

DE DESIGN TEMPERATURE"; 115@ CW=CW+ (H+W) *NW ¥620 INPUT OT 1166 A(I)=A(I)+5(3) $

630 DT=1T-oT 1178 PRINT"TYPE OF WINDOWS" $s
649 GOSUB 1006:REM WINDOWS 1180 PRINT’ 1, SINGLE GLASS" be
658 GOSUB 2000:REM DOORS 1190 PRINT" 2. SINGLE + STORM" bs
660 GOSUB 3000:REM WALLS 1200 PRINT" 3, DOUBLE PANE" i
670 GOSUB 4000:REM CEILING 1210 PRINT" 4, TRIPLE (DOUBLE + ST i

680 GOSUB 5600:REM FLOOR ORM)" L
696 GOSUB 5260:REM DUCTS 1220 INPUT G

700 GOSUB 6000:REM REPORT RESULTS = 1239 PRINT"TYPE OF WINDOW FRAME"
716 Ql=T9/DT : 1240 PRINT" 1, WooD"

726 PRINT" {DOWN}DO YOU WISH TO MAKE ©1259 PRINT" 2, METAL OR JALOUSE"IMPROVEMENTS?" 1260 PRINT" 3. FIXED"

736 GET AS:1P AS="" THEN 733 1270 INPUT F

740 PK=2:1F AS="N" THEN 999 1280 RM=RW(G,F)

756 INPUT" {CLEAR} (02 DOWN}DO YOU WI 1296 Q(I)=Q(I)+S(3) *DT/RM
SH TO IMPROVE WINDOWS";AS 1360 R(T) =RM760 IF LEPTS(A$,1)="¥" THEN GOSUS 1 1316 PRINT" {CLEAR} {DOWN} "7
990 1326 NEXT J

770 INPUT"{CLEAR}{@2 DOWN}DO YOU WI 1336. IN(I) =0.018*DT*IW(IX,F)*CWSH TO IMPROVE DOORS";AS 1349 RETURN780 IF LEFTS(AS,1)="¥" THEN GOSUB 2 280 REM DOORS SUBROUTINE ’
909 2010 I=2:1F PK>1 THEN 2680

790 INPUT" {CLEAR} {62 DOWN}DO YOU WI = -202@ PRINT" {CLEAR} {DOWN]NUMBER OF DO
SH TO IMPROVE WALLS";A$ ORS";800 IF LEPTS(A$,1)="Y" THEN GOSUB 3 2030 INPUT N e

“690 2040 PRINT"SIZE OF DOORS (H,W) FT";
810 INPUT" {CLEAR}{62 DOWN}DO YOU WI 20506 INPUT HW

SH TO IMPROVE CEILING";A$ 2060 A(T) =HFWEN820 IF LEFTS(A$,1)="¥" THEN GOSUB 4999 20708 CD=(H+W)*N
2 COMM soruon 1983 :
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* 2688 PRINT*{DOWN}TYPE OF DOORS” 3358 RETURN
2099 PRINT" 1. WOOD" 3500 REM LIST OF INSULATION R VALUES
2108 PRINT" 2, WOOD + STORM" 3510 PRINT" {CLEAR} {DOWN}LIST OF INSU

@2ns PRINT" 3, METAL URETHANE CORE LATION R VALUES, WALLS". 3526 PRINT" {DOWN} NO INSULATI
PRINT 4. M1 LYS' NE C ON (AIR) = .94"ne ETAL POLYSTYRENE 3530 PRINT" BATT INSULATION IN WA

2130 INPUT T LL = 11"
2148 R(Z)=D(T) 3540 PRINT" HALF INCH ASPHALT BOA
2158 Q(1)=A(I) *DT/R(I) RD = 2.4
2160 DW=138 3550 PRINT? 1/2 IN GYPSUN OR PLAST
2170 PRINTY (DOWNJARE DOORS WEATHERST 3560 parwn’ | 1/4 IN WooD FIBER BOA
21So IPLeers(ows,1)="¥" Tue pues 3570 PRINTS, FIR OR PINE SHEATHE

= *DT*DWH = 1,2200 IN(T) 50.016*DE¥DWFCD 3500 print® | 3/4 IN PLYWOOD PANE

- D= 1.3020
PRINT (CLEAR) (DOWN) T¥PE OF WALL soa BRENT: PRINT

. . RETURN3636 PRIME’ (DOW) | 1, JORICK VENEER 4009 REM CEILING ROUTINE :
Ee Sat 4626 HI=.61:H0=.61:1F PK>1 THEN 4060 :
3070 PRINT "5, MASONRY BLOCK" 4038 PRINT"({CLEAR}{DOWN}WHAT IS TOTA £

‘| 3080 PRINT * 6. Loc" L CEILING AREA" 5
3096 PRINT “7. OTHER:" 4040 PRINT"OF THE HOUSE";
3100 PRINT * ENTER CALCULATED R 4850 INPUT A(I) F

VALUE DIRECTLY" 4060 PRINT"HOW MANY INCHES OF INSULA t
3110 PRINT * WHEN ASKED FOR INS TION IN CEILING"; z

ULATION R VALUE" 4070 INPUT CI Z
3120 INPUT TY 4080 PRINT"TYPE OF INSULATING MATERI
313@ ON TY GOTO 314¢,3159,3160,3170, AL"

3186,3190,3208 4099 PRINT"{DOWN} 1, FIBERGLASS"
3140 RM=.2*3.5:GOTO 3210:REM BRICK 4169 PRINT " 2, MINERAL WOOL" ia
315@ RM=.08*5: GOTO 3216:REM STONE 4110 PRINT " 3, VERMICULITE OR PERL ‘
3168 RM=.87: GOTO 3216:REM WOOD ITs" bs
317@ RM=.2*2: GOTO 3210:REM STUCCO 4120 PRINT " 4, CELLULOSE FIBER" :
3188 RM=2: GOTO 3210:REM MASONR 4136 PRINT " 5. U-F FOAM(DOWN}" 3

y 4140 INPUT T 3
3190 RM=1.25*8:GOTO 3210:REM LOG 4150 RM=CI*IC(T) 7%
3200 RM=O:REM OTHER 4160 R(I) =HO+RM+HT ee
3219 PRINT" FOR LIST OF R VALUES F 4176 Q(1)=A(I)*DT/R(I) cae

OR INSULATION" » 4186 RETURN got
3220 PRINT" ENTER -1 FOR INSULATIO 5000 REM FLOOR ROUTINE fit

N R VALUE" 5010 I=S:IF PK>1 THEN 5040 pot
3230 PRINT"INSULATION R VALUE"; 5020 PRINT"{CLEAR} {DOWN}WHAT IS TOTA
3240 INPUT RI L FLOOR AREA"; ot
3250 IF RI<@ THEN GOSUB 3500:GOTO 32 5030 INPUT A(T) d

30 5640 PRINT"HOW MANY INS OF INSULATIO i td
3260 R(I)=HO+RM+RIFHISIF PK>1 THEN 3 NIN FLOOR"; Tg

349 5050 INPUT FI:IF PK>] THEN 5110
3270 PRINT"HOW MANY STORIES IN HOUSE 5060 PRINT"TYPE OF FOUNDATION" 2%

"i 5870 PRINT’ 1. OPEN CRAWLSPACE" P
3280 INPUT NT 5080 PRINT" 2. ENCLOSED CRAWLSPACE 5
3298 PRINT"WHAT IS THE CEILING HEIGH OR BASEMENT"

T (PT)

"; 5090 PRINT” 3. CONCRETE SLAB" x q@ 3306 INPUT CH 5100 INPUT TF 5 4
3310 PRINT"WHAT IS TOTAL PERIMETER ( 5110 R(I)=HO+FI*3,1+RE(TF)+HI agPry"; 5128 Q(I) =A(I) *(DT-TC(TF) )/R(T) * d3320 INPUT P - 5130 RETURN d
3338 A(I) =NT*CH*P=A(1)-A(2) 5200 REM DUCTS :
3349 Q(I)=A(Z) *DT/R(I) 5218 DI=.1

4 comma Jano. 88



| *
5220 IF TP=3 THEN KD=3:RETURN EL USED"
5230 PRINT"{DOWN}IS YOUR DUCTWORK IN 7049 PRINT" 1, ELECTRICITY"

SULATED"; 7650 PRINT" 2. NATURAL GAS"5246 INPUT D$:IF PK>1 THEN 5318 7068 PRINT" 3. FUEL OIL"

i 5250 PRINT" {DOWN}LOCATION OF HEAT DU 7076 INPUT FT:PC=.55
| cTs:" 7088 ON PT GOTO 7169,7260,7398
in 5260 PRINT" 1. ATTIC OR CRAWLSPAC 7896 GOTO 7638
H EB" 7108 REM ELECTRICITY
| 5278 PRINT" 2. UNCONDITIONED BASE 7119 PRINT"IS HEATING UNIT A HEAT PU

MENT" MP";| 5288 PRINT" 3. IN SLAB FLOOR" 7128 INPUT HP$:ER=3413
1 5298 PRINT" 4. INSIDE CONDITIONED 7136 IF LEFT$(HPS$,1)<>"Y¥" THEN 7150
| SPACE" 714@ INPUT"ENTER EER OF HEAT PUMP";Ei 5300 INPUT KD RrER=ER* 10001

5318 RETURN 7158 INPUT"AVERAGE $ COST PER KWH";C| 6008 REM WRITE A REPORT O:FUS="KWH"
: 6019 PRINT" (CLEAR}","HEAT LOSS EVALU 7169 E1=INT(E1/ER+.5)
| ATION" 7165 Ml=E1*CO
1 662@ PRINT:PRINT:TQ=0 7178 E2=INT(E2/ER+.5)
1 6030 PRINT" ITEM"," AREA"," R~VALUE” 7175 M2=E2*cO

+"HEAT LOSS" 7188 MS=M1-mM2| 6040 PRINT ," SQ.FT.",," BTU/HR":PRI 7198 GOTO 74601
NT 7206 REM NATURAL GAS‘

6058 FOR I=1 TO 5 7210 INPUT"AVERAGE $ COST PER THERM ~
6060 A(I)=INT(A(I) *160+.5)/100 OF NATURAL GAS"; CO6876 R(L)=INT(R(I) *100+.5) /100 7229 EL=INT(E1/(163000*PC)+.5)i
6086 Q(I)=INT(Q(I)+.5) 7225 M1=E1*CO| 6090 PRINT NS(I) ,A(I) -R(I) ,Q(I) 7230 E2=INT(E2/(103000*PC)+.5)H 6100 TA=TA+A(L): TQ=TO+Q (I) 7235 M2=E2*CO| 6110 NEXT I 7249 MS=M1-m2

i 6126 REM PRINT INFILTRATION LOSS 7258 FUS="THERMS":GOTO 7400
i 6130 PRINT"INFILTRATION",,INT( (IN(1) 7386 REM FUEL OILi +IN(2))/2+.5) 7310 INPUT"AVERAGE $ COST PER GALLON|

6140 TQ=TQ+(IN(1)+IN(2))/2 OF FUEL OLL";CO1 6150 REM CALCULATE DUCT LOSS 7320 E1=INT(E1/(138800*PC)+.5)| 6160 X=T0/(A(5) *CH*NT) :3=3:K=3 ~ 7325 mi=e1*coJ
6170 IF X<45 THEN K=2 7330 E2=INT(E2/(138000*PC)+.5)6180

IF X<35 THEN K=1 7335 M2=22*cOt 6190 DI=.15+.85%* (3-K) 7346 MS=M1-M2:FUS="GALLONS"
6200 IF LEFTS$(D$,1)="N" AND KD<2 THE 749g REM GIVE RESULTS1 N 6240 7416 M1=INT(M1*166)/109

| 6205 IF KD>2 THEN DI=0:GOTO 6240 7420 M2=INT(M2*10)/108|
6210 TF OT<15 THEN J=2 7436 MS=INT(MS*100)/10@6220

IF OT<@ THEN J=1 7446 INPUT" {DOWN}TOTAL $ COST OF YOU| 6236 DI=0M(KD,J,K)
. R_ IMPROVEMENTS";CI; 6240 PRINT™DUCT LOSS",,,INT(DI*TQ+.5) 745g pa=INT(CI/MS*1000)/1000i 6256 TQ=TQ+TQ*DI

ee 7 7460 REM REPORT SAVINGS AND PAYBACKi! 6260 PRINT ,"eee@eeee", , "@eeeeece: 7478 PRINT" {CLEAR}","ANALYSIS OF IMP
7 6270 PRINT" TOTAL", INT(TA),,INT(TQ) ROVEMENTS”

6288 PRINT: PRINT 7480 PRINT:PRINT

6299 PRINT™DESIGN CONDITIONS:" 7498 PRINT,,"ENERGY NEEDED"
6308 PRINT" OUTSIDE DESIGN TEMP";0 7508 PRINT"ORIGINAL HOUSE" ,E1;PUS| T 7510 PRINT"IMPROVED HOUSE" ,E2;PUS6318 PRINT" INSIDE DESIGN TEMP";I 7520 PRINT, ,“eeeeeeaee":

T 7538 PRINT, "SAVINGS" ,E1-E2; FUS6320 PRINT"TEMPERATURE DIFFERENCE";D 7548 PRINTT
7556 PRINT, ,"OPER. COSTS"6330

RETURN 7566 PRINT"ORIGINAL HOUSE","$";M]7088 REM FIND SAVINGS USING DEGREE-D 7576 PRINT“IMPROVED HOUSE","$";M2.
aAYS 7589 PRINT, ,"@e@@eeeeee™

7810 DD=2961:DD$="ATLANTA GA" 7598 PRINT, "SAVINGS" ,*$";MS .
7612 El=INT(Q1*DD*24) 7600 PRINT: PRINT, "PAYBACK",PB; "YEARS7014 E2=INT(Q2*DD*24) .
7636 PRINT"{CLEAR}TYPE OF HEATING FU 7616 PRINT:PRINT
98 owPEM Jono



ny,

|’ 7626 PRINT"ABOVE IS BASED ON ONE YEA 230 DATA .909,2,1.724,2.564
: R OF OPERATION" 240 REM DOOR R VALUES

7630 PRINT"IN. "7 DDS 250 DATA .41,.75,.95,1-1;
260 REM FLOOR R VALUES AND TEMP CORROi RETURN 270 DATA 3.2,0,3.2,30,1.23,08900 REM DRAW HOUSE 280 REM CEILING INSULATION R PER INCH

8616 PRINTCHRS(142) :PRINT:PRINT:PRIN 290 DATA 3.5,3,2.5,4.5,5.5T 300 NS(1)="WINDOWS":NS (11) ="DOORS":NS !8020 PRINTSPC(8);* Til (21) ="waLLs™ .8030 PRINTSPC(8) ;"{REV}) {| 310 NS(31)="CETLING":NS(41)="FLOOR #*
OFF)" S15 NUC1)972NL(2) #52 NL (3)=e NL (490208040 PRINTSPC(8) j"Tyisieisiei¥ 320 REM DUCT Mm- ULTIPLIERS8050 PRINTSPC(8); "ROOOOOF(REV} 330 DATA .2,.15,-1,.15,.1,-05,-1,.05,_{OFF}" -05

8060 PRINTSPC(8);"Trisieivisi¥e"""Z¥ 340 DATA .2,.15,.1,.1,-1,-05,.05,05,. 05

8078 PRINTSPC(8) ;"T<><>{REV}!{OFF}1< 350 REM AIR CHANGES PER FOOT OF CRACK
2Ooy{REV}!  (OPFJi¥" 360 DATA 39,74, 52,24, 52,338080 PRINTSPC(7);"S8HHHHESHEEHHEHORE © 520 FoR per toe ES
aoe” 390 FOR G=1 TO 48698 RETURN 400 READ TEMP:RW(G,F)=TEMP

410 NEXT GrNEXT F

. 420 REN READ DOOR R VALUESProgram
2: 430 FOR T=1 TO 4:READ TEMPsD(1)=TENP:Make these changes in Program 4 for the Apple Il, NEXT I

100 HOME 4 VTAB 2s PRINT "HOME 440 REM READ FLOOR ® VAL AND_TEMP COR
ENERGY PROGRAM"en 450 FOR I=1 TO 3:READ TEMP:RF (1) =TEMPS510 HOME s PRINT "LIST OF INSU, TREAD TEMP: TC(I)“TEMPENERT. Z

ATION R VALUES, LS! 460 REM READ INSULATION R PER INCH3520 ubRiNt PRINT * NO INS 470 FOR I=1 TO 5:READ TEMP: IC(I)=TEMP
. NEXT T40350 HOME ¢ PRINT “WHAT IS TOTAL 480 REM READ DUCT MULTIPLIERS

CEILING AREA 490 FOR KD=1 TO 2eo” PRINT : PRINT “ 1. FIBERGL 500 FOR K=1 TO 3

Sesstadl 510 FOR J=1 TO 34130 PRINT : PRINT " 5. U-F FOA 520 READ TEMP: DM(KD,J+K#4) =TEMPM's
PRINT 530 NEXT J:NEXT K:NEXT KDS020 HOME : PRINT “WHAT IS TOTAL 540 REM READ AIR CHANGES FOR INFILTRA

FLOOR AREA?"; TION5230 PRINT + PRINT “IS YOUR DUCT S50 FOR I=1 TO 2
WORK INSULATED?" 360 FOR Jel TO S

5250 PRINT “LOCATION OF HEAT DUC 570 READ TEMP: IW(1,3)=TEMP
18: 580 NEXT J:NEXT T

6010 HOME + PRINT “HEAT Loss Eva 590 REM INSIDE DESIGN TEMPERATURE
LuaTION* 600 IT=75:PK=1

7aa0 PRINT + INPUT "TOTAL & COST 601 7:73? "Press to begins";
OF YOUR IMPROVEMENTS";CI cos wey wea7470 WOME : PRINT “ANALY: t

— ;Jea0 PRINT [onooooooooe 620 INPUT OT
8000 RETURN’” 630 DT=1T-0T
Boro BOSO"DELETE™ 640 GOSUB 1000:REM WINDOWS

650 GOSUB 2000:REM DOORS

660 GOSUB 3000:REM WALLSProgram3: Atari Version 470 GOSUB 4000:REM CEILING680 GOSUB SO00:REN FLOOR

100 POKE 82, 0:PRINT “CCLEARD(2 DOWN? 690 GOSUB S200:REM DUCTS
HOME ENERGY PROGRAM” 700 GOSUB 6000:REM REPORT RESULTS

4110 PRINT 3PRINT 710 @1=Ta/DT

150 GOSUB 8000 720 PRINT "DO YOU WISH TO MAKE IMPROV

170 OPEN #1,4,0, "Ks" EMENTS?:"3180 DIM AC6),G(S),R(),RW(4,5),D(4),1 730 GET #1, A: AS=CHRS(ADW(2,3),3110) 740 K=2:IF AS="N" THEN 999
190 DIN’ RF (3), TC(3) ,NS(5#10),1C(5S),DM 750 PRINT "CCLEAR)(2 DOWNDO YOU WISH(2,15), IN(2) , AS (1) NL (5) TO IMPROVE WINDOWS";; INPUT AS191 DIM WHS (1), DUI), D1), DDS(20),H 760 IF As="Y" THEN GOSUB 1000 i

Ps(1),FUS(10) 770 PRINT "{CLEAR}(2 DOWN3DO YOU WISH
200 REM WINDOW R VALUES TO IMPROVE DOORS";:INPUT As :

210 DATA 1,01,2.22, 1-615, 3.155 780 IF As="Y" THEN GOSUB 2000 i
220 DATA .909, 1.667, 1.43752. 137 790 PRINT "{CLEAR>{2 DOWNDDO YOU WISH 1

seover89comwure 37 |
i



| +

TO IMPROVE WALLS";:INPUT AS 2100 PRINT "C3 SPACES?2. WOOD + storn /i{ 800 IF AS="Y" THEN GOSUB 3000 ” *
! 810 PRINT * (CLEAR?(2 DOWN?DO YOU WISH 2110 PRINT “C3 SPACES?S. METAL URETHATO

IMPROVE CETLING"3: INPUT As NE CORE"820
IF As="Y" THEN GOSUB 4000 2120 PRINT "(3 _SPACES?4. METAL POLYST850 PRINT "CCLEAR}¢2 DOWNDDG You WISH YRENE CORE™

TO IMPROVE FLOOR"; :INPUT As 2130 INPUT T .840 IF AS="Y" THEN GOSUB 5000 2140 RET) =DITD
850 PRINT "(CLEAR}(2 DOWN>DO YOU WISH 2150 Q(1)=A(1) EDT/RET)TO IMPROVE DUCTS";:INPUT AS 2160 Du=138
860 IF AS="Y" THEN GOSUB 5200 2170 PRINT “CDOWN>ARE DOORS WEATHERST
870 GOSUB 6000:REM REPORT RESULTS RIPPED";
890 @2=Ta/DT 2180 INPUT Dus

8970 PRINT :PRINT “HIT RETURN TO GET S$ 2190 IF DWs="Y" THEN DW=69

AVINGS™ 2200 IN(1)=0.01esDTEDWECD
900 GET #1,A 2210 RETURN

910 GOSUB 7000:REM CALCULATE A YEAR 0 3000 REM WALLS SUBROUTINE

F SAVINGS 3010 1=32HO=0.172H1~0.68

999 END 3020 PRINT “CLEAR? (DOWN? TYPE OF WALL
1000 REN WINDOW SUBROUTINE. CONSTRUCTION"

1010 I=1:1F PK>1 THEN 1040 3030 PRINT “CDOWN?<S SPACES?1. BRICK
1020 PRINT " (CLEAR? CDOWN>HOW MANY DIF VENEER"

FERENT TYPES OF WINDOWS"; 3040 PRINT "CS SPACES?2. STONE™
1030 INPUT NX 3050 PRINT “(3 SPACES?S. WOOD SHINGLE
1040 1X=1:CW=02A¢1)=02@¢1)=0 s*

1050 PRINT "(DOWN) ARE WINDOWS WEATHE 3060 PRINT "(3 SPACES>4. STUCCO”
RSTRIPPED"; 3070 PRINT “(3 SPACES?S. MASONRY BLOC

1060 INPUT wus Ke |: 1070 IF WHS="Y" THEN Ix=2 3080 PRINT “C3 SPACES)S. LOG”

1080 FOR J=1 TO NX 3090 PRINT "(3 SPACES)7. OTHER:”
. 1090 PRINT "SIZE "jJ:IF PK>1 THEN 116 3100 PRINT "(& SPACESIENTER CALCULATE

° DR VALUE DIRECTLY™

1100 PRINT “NUMBER OF WINDOWS“; 3110 PRINT "Co SPACESDWHEN ASKED FOR
1110 INPUT NW INSULATION R VALUE”

1120 PRINT “SIZE OF WINDOWS (H,W) FT" 3120 INPUT TY
; 3130 ON TY GOTO 3140,3150,3160,3170,3

1130 INPUT H,w 180, 3190, 3200
' 1140 S(3)=HauENW $140 RM=O.283.5:G0TO 3210:REM BRICK

' 1150 CW=Cu+(H+M)EN 3150 RM=0.0685:G0TO 3210:REM STONE |1160 ACT) =ACT) +563) 3160 RM=0187:G0TO 3210:REM WOOD1170 PRINT "TYPE OF WINDOWS" 3170 RN=0.282:G0TO 3210:REM STUCCO |!
1180 PRINT "(3 SPACES}1. SINGLE GLASS 3180 RM=2:GOTO 3210:REM MASONRY

. 3190 RN=1.2548:G0TO 3210:REM LOG

1190 PRINT “C3 SPACES?2. SINGLE + STO 3200 RN=O:REN OTHER}
eet 5210 PRINT "(3 SPACESIFOR LIST OF RV

1200 PRINT "(3 SPACES}3. DOUBLE PANE“ ALUES FOR INSULATION"

1210 PRINT "(3 SPACES>4. TRIPLE (DOUB 3220 PRINT "(3 SPACES}ENTER -1 FOR IN
Les STORM)= SULATION R VALUE”1220 INPUT 6 3250 PRINT “INSULATION R VALUE";

1230 PRINT "TYPE OF WINDOW FRAME” 3240 INPUT RI
1240 PRINT “<3 SPACES?1. Woon” 3250 IF RICO THEN GOSUB 3500:GoTO 3231250 PRINT “(3 SPACES)2. METAL OR JAL o

buse" 3260 ROD SHO*RM+RIGHISIF PKL THEN 33
1260 PRINT "(3 SPACES}S. FIXED” 40
1290 INPUT & 3270 PRINT “HOW MANY STORIES IN HOUSE

1280 RM=RW(G,F) “3
1290 Q(I)=Q(1)+59) #DT/RM 3280 INPUT NT1300 RUDD=RM 3290 PRINT “WHAT IS THE CEILING HETGH

1310 PRINT “{CLEAR} (DOWN "5 T OCETO541320 NEXT 3 3300 INPUT CH

1330 INCI) 20. o1esDrerw(1x,F)ecw 3310 PRINT “WHAT IS TOTAL PERIMETER (1340 RETURN Lata

2000 REM DOORS SUBROUTINE 3320 INPUT P
solo Tenth PROT HEN 2050 3330 ACI) aNTECHEP-A(1)—A(2)

2020 PRINT "C{CLEAR> (DOWNDNUMBER OF DO 3340 Q(T)=AC1) SDT/R(ID
ors"; 3550 RETURN

2050 INPUT N 3500 REM LIST OF INSULATION R VALUES
2040 PRINT “SIZE OF DOORS (H,W) FT"; 3510 PRINT "(CLEAR>(DOWN>LIST OF INSU
2050 INPUT H.W LATION R VALUES, WALLS"
2060. A(T) =HaWEN 35320 PRINT (DOWN?(8’ SPACES?NO INSULA2070 CD= (Hew) Nn TION (AIR) = 294"
2080 PRINT "(DOWN? TYPE OF DOORS“ 3530 PRINT "C4 SPACES)BATT INSULATION
2090 PRINT "C3 SPACES)1. wooD™ IN-WALL = 41"

68 commune seen 83



“|. 3540 PRINT “(4 SPACES)HALF INCH ASPHA 5310 RETURN
LT BOARD = 2.4" 6000 REM WRITE A REPORT

3550 PRINT "(3 SPACES)1/2 IN GYPSUM 0 4010 PRINT "(CLEAR)", "HEAT LOSS EVALU
R PLASTER = 1.39" ATION"

3560 PRINT "(4 SPAGES?1/4 IN WOOD FIB 6020 PRINT :PRINT :TO=0 ’

ER BOARD = 1.12" 6030 PRINT " ITEN"," AREA"," R-VALUE”
3570 PRINT “(6 SPACES>FIR OR PINE SHE ,"HEAT LOSS™

ATHING = 1.92" 6040 PRINT ," SQ.FT.",," BTU/HR*:PRIN \
3580 PRINT "(6 SPACES)S/4 IN PLYWOOD T 4

PANELS = 1.88" 6050 FOR I=1 To 5 4

3590 PRINT "(13 SPACESI1/2 IN PLYWOOD 6060 ACI) =INT(A(T) £10040.5)/100

= 1.57" 6070 R(T) =INT(R (I) #100+0.5)/1003600 PRINT :PRINT 6080 Q(T) =INT(Q(I) +0.5)

3610 RETURN 6090 PRINT NS(1810-9,(I-1) B104NL(I)),4000 REM CEILING ROUTINE ACD RCD),a04010 I=4 6100 TA=TA+A(I)2 TQ=TO+O (1) :4020 HINO. 61:HO=0.61:1F PK>1 THEN 406 6110 NEXT I

° 6120 REN PRINT INFILTRATION LOSS4030 PRINT “CCLEAR?(DOWNIWHAT IS TOTA 6130 PRINT "INFILTRATION",y INTCCIN(L)L CEILING AREA” $IN(2))/2+0.5)
4040 PRINT "OF THE HOUSE™; 6140 TO=TQ+ (INCL) #IN(2))/2
4050 INPUT TEMP: A(I) =TEMP 6150 REM CALCULATE DUCT Loss

4060 PRINT “HOW HANY INCHES OF INSULA 6160 X=TQ/(A(S)ECHENT) 23=3zK=STION IN CEILING"; 6170 IF x<45 THEN K=2

4070 INPUT CI 6180 IF X<35 THEN Kai

4080 PRINT "TYPE OF INSULATING MATERI 6190 DI=0.15+0.058(3-K)
aL” 6200 IF Ds=*N* AND KD<2 THEN 6240

4090 PRINT “ (DOWN? 1. FIBERGLASS" 6205 IF KD>2 THEN DI=0:GOTO 6240
4100 PRINT " 2. MINERAL WOOL” 6210 IF OT<15 THEN Juz

4150 PRINT." 3. VERMICULITE OR PERLT 6220 IF OT<O THEN J=1

Tes 6230 DImDM(KD, J+Ke4)4120 PRINT" g. CELLULOSE FipeR* 6240 PRINT “DUCT LOSS",,, INT(DIsTO+o. q
- 5)3150 auccrsiccTs o2e0 peme roee

gis0 Ruecrarcer) 6260 PRINT ,"C8 RI", ,"¢B RI"17
@:% RAD HOFRNSHT 4270 print * toral "!,rur(ra),, incre4180

RETURN 4280 PRINT3000 REM FLOOR ROUTINE 6290 PRINT “DESIGN CONDITIONS:”S010 I=5:IF PK>1 THEN soso 6500 PRINT “(3 SPACES)OUTSIDE DESIGN5020 PRINT " (CLEAR? (DOWN?WHAT 18 TOTA TEMPE" ;0T
L FLOOR AREA": 7 he.

soso NUTR AREAS ren 6310 PRINT "(4 SPACES?INSIDE DESIGN T

TON IN FLOOR"; ma
S050 INPUT FISIF PK>1 THEN 5110 pr
5060 PRINT “TYPE OF FOUNDATION" 550 RETURN

5070 PRINT “C3 SPACESD1. OPEN CRAMLSP 7000 REM FIND SAVINGS USING DEGREE-DAAce”

5080 PRINT “(3 SPACES)2. ENCLOSED cra 7010 DD=2961:DDS= "ATLANTA GA”

5090 PRINT = =

70 BEINT "CS SPACES)S. CONCRETE SLA 7955 pRINT “(CLEARITYPE OF HEATING FU *
5100 INPUT TF et USED"
S110 RCT) HOFF IES, 14RF (TED HI 7o40 PRINT " 1. ELECTRICITY"
B1z0 GiIdoacd)SDT TECH) )OREDD 7050 PRINT * 2. NATURAL GAS”288 Ren nucts 7070 INPUT FT:PC=0.55 .
2208 Bere 7080 ON FT GOTO 7100,7200, 7500
5220 IF TR=S THEN KD=3:RETURN 7090 Gara 7030
5250 PRINT “CDOWNDIS YOUR DUCTWORK IN 7100 REM ELECTRICITY

SuLATED"; 7110 PRINT "IS HEATING UNIT A HEAT PU5240 INPUT DSiIF PK>1 THEN S310 i
4 > 7120 INPUT HPs:eR=3415

5250 PRINT "CDOWNDLOCATION OF HEAT DU 5139 Ip upacSeys ThieW 7150
5260 PRINT "C4 SPACES?1, ATTIC OR CRA 7140 PRINT “ENTER EER OF HEAT PUMP;:

WLSPACE* INPUT ER:ER=ER#1000

5270 PRINT "(4 SPACES?2. UNCONDITIONE 7150 PRINT “AVERAGE $ COST PER KWH";:

5280 PRINT "(4 SPACES)S. IN SLAB FLOOD 7160 E1=INT(EL/ER*0.5) A
Ro 7165 Mimei sco

5290 PRINT “C4 SPACES>4, INSIDE CONDI 7170 EZ=INT(E2/ER+0.5) \

TIONED SPACE™ 7175 M2=E2%C0

5300 INPUT KD 7180 MS=ni-n2 |

Jonsny903 COMME 67 :



fe 7190 GOTO 7400
2 7200 REM NATURAL GAS

OF NATURAL GAS";3INPUT CO .i 7220 EL=INT(E1/(1030008PC)+0.5)|
BB MIS FACTORY PRICINGHl 7230 E2=INT(EZ/ (1030008PC) +0.5)

‘| 7235 H2=£28C0

i 7240 MS=mi-n2 IN STOCK! IMMEDIATE DELIVERY!! 7250 FUs="THERMS":GOTO 7400
i 7300 REN FUEL OIL

| 7310 PRINT "AVERAGE $ COST PER GALLON

| OF FUEL OIL"3: INPUT CO ]
| 7320 E1=INT(E1/ (1380008PC) +0. 5) NOLOS| 7325 Nise18co xen _

| 7330 EQ=INT(E2/(1380008PC) +0.5) wos RANS
| 7335 H2=E28C0 AL 600 ARI |

“| 7340 MS=M1-m2:FUS="GALLONS” ws > |
L| 7400 REM GIVE RESULTS |7410 ML=INT(H1#100)/100

|

a 7420 M2=INT(M2#100)/100 . Hi

i 7430 MS=INT(MS8100)/1003IF MS=0 THEN Plus Hl: MS=1. 0-05 |H

7440 PRINT “(DOWND TOTAL $ COST OF YoU (9 MPS 6550 RAM for PET || R_IMPROVEMENTS"5: INPUT CI ah’ gine & MPS 6530-002,003 for KIM:i 7450 PB=INT(CI/MS#1000)/1000 SSoueus @ MANUALS '| 7460 REM REPORT SAVINGS AND PAYBACK CROSS Skvn3Bk STATIC RAM Hi 7470 PRINT "CCLEAR)", "ANALYSIS OF IMP MABE ee Sa i| ROVEMENTS* B i

7480 PRINT :PRINT @ KIM-4 MOTHERBOARDi 7490 PRINT ,,"ENERGY NEEDED“ © KIM PROMMER

1 7500 PRINT “ORIGINAL HOUSE ",E1;"% “3F KIM-1 & 4 Compatible

H us vs. Eprom Programmer\ 7510 PRINT "IMPROVED HOUSE “,£25" "5F S08 ovMaTHi. us re F
| 7520 PRINT ,,"¢9 RD":? cron? Chipswith tsting
A 7530 PRINT ;*savines",e1-c2;* *;rus | NAM kiMiext EXPANSION BOARD{ 7840 PRINT KiM-1 Plugatble PROM, Ram
7 7550 PRINT ,,"OPER. COSTS" ondVO Board7560 PRINT “ORIGINAL HOUSE",“s"5 m1 © RS-232 ADAPTERhi 7570 PRINT "IMPROVED HOUSE")<3"ytd For kiai 7580 PRINT 44°C? R>"2? @ POWER SUPPLIES'

7590 PRINT > "SAVINGS", "$";MS © KIM REPLACEMENT KEYPAD.‘ 7800 PRINT PRINT , "PAYBACK ",PB;" YE
! ars” .

i 7610 PRINT :PRINT

f ee OROpeEayions PASE ON ONE YEA STANDARD MICROSYSTEMS
i 7630 PRINT “IN ";DD8

i 2480 RETURN ae AUARTS FLOPPYDSC CONTROLLERS!
8010 PRINT :PRINT :PRINT :PRINT

! 8020 POKE 95,0:? 3 "(5 SPACES) <I> co?" BAUDRATE GENERATORS CRT CONTROLLERS} 8050 POKE 85,0:? “CH? ¢10 SORTED CJ)"8040 POKE 85,8:7 “CV} <I> CO>¢1(OI CIP(09 C13 CO¥ C19 60> CBD"

8050 POKE 85,027 "CY) CK? CL? CK? CL? «K>
CL CK? €L2 CK? CL? (BCS METAR>" FALK-BAKER8060 POKE 85,87 “CV? (1) CO) (12 CO> (I>.(03 (19 C09 (1) (09 (BP (19 C4 UBD"

8070 POKE 85,822 "CV> (KI (LI (KD (L? CED ASSOCIATESCY) CK? (LD CKD CL? (BD CD C4 ETREca"

9080 POKE 85,777 “C21 Ho"
8090 RETURN e
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THE NITINOL HEAT ENGINE[ Discussion and Demonstration

a a for the transformation is determined by the exact
x proportionsof nickel and titanium in the alloysyi

3 variations in the composition will cause-the trans-ae
he, formation to occur at temperatures which may be1

& 3 ad below the freezing point of water, or above theet 's, — boiling point.LO, Ne Se During transformation the alloy undergoes abrupt7 / a

\ changes in its physical, mechanical and electronic
fe ™ a ae “y properties. It is primarily the change in elastic
oe RE properties that made the material interesting for
Loge SN N eA i] application to heat engines. Above the critical tem-co ed perature (in the case of the materials used in the

a. uae If protype engine this isin the neighborhood of hot
a oe ss Za tap-water) the material is similar to spring steel,q te AAR >Ly) but below the threshold it may be as easily de-a formed it will rapidly and forecfully return, on re-

@ Sca i ud heating, to the shape it had before it yas deformed.
ee “ — This is the shape-memory effect on which the

design of the original prototype was based. TheThe
Berkeley Prototype engine uses a crank system to deform Nitinol wires

on cooling, and to take power off as force is ex-
Certain metallic alloys exhibit a shape memory erted on heating. Aftera period of operationin theeffect when heated and cooled across a specific engine however, the wire elements developed an
temperature threshold. One of the projects under increasingly pronounced automatic shape change
the Solat Energy Program ofthe Lawrence Berkeley on cooling. The unanticipated appearance of thisLaboratory’s Energy and Environment Division is “double memory” has contributed to an overallthe development of low temperature heat engines improvement in the performance of the prototype
based on this principle. Such engines may make since it was first demonstrated in August 1973.
practical the conversion of solar and other forms The machine has now made over 21 million revo-

of low temperature thermal energy to useful mech- lutions with no deterioration ofthe original Nitinolanical work, such as powering an electric generator. working elements.

‘The shape memory alloy used in the LBL prototype The LBL Heat Engine Development Project involves
engine is a nickel-titanium intermetallic compound. the work of an interdisciplinary team of engineers,
named 55 Nitinol, whose dynamic properties were inventors and scientists whose backgrounds empha-
first observed at the Naval Ordnance Laboratory, size the areas of materials research, thermody-
Silver Spring, Maryland, in the late 1950's. The namics and physical research. The project is sup-
name Nitinol is an abbreviation of the elements’ ported by the U.S. Energy Research and Develop-
symbols Ni and Ti, and the initials of the labora- ment Administration.

tory. The alloy, composed of nearly equal numbers by@& of nickel and titanium atoms, undergoes a solid Ridgway Banks, Techical Asocate, Inventor
state phase transformation (change in crystal struc- Lawrence Berkeley Laboratory
ture) on heating and cooling. The thermal threshold University of California, Berkeley



Air Conditioning.

@ 1. The density of dry air at 20°C and 1 atmos is 1.2 gm/liter = 1.2 kg/m? .
2. The specific heat at constant pressure of air is c, = (7/2) R.

3. R = 6.3 joules/mole/deg where deg means Kelvin or Centigrade.

4. For air, 1 mole = 26 grams ( nitrogen)

1 BTU = 1054 joules

Thus, R = .337 BTU/m/deg and GC, = 12 Bru/a? /deg
1.2 °

So, one BTU's cooling power can lower the temperature of 1m of air by 1°C.

Example: Consider my home office. Volune is xix} = 50 m? roughly. Repeat the above:

©, = 0.7 BrU/n?-°F where I convert to F.
Suppose in one hours time I want to cool this room 10°F. This would require 350 BTU/hr.

Example: Suppose world were at 90°F and my office were cooled to 70°F. If cobler@ sere turned off, I bet room would rise to 75°F in 5-10 minutes. Suppose 5 minutes.
‘Then in effect heat in-flow rate is 5° in 1/12 hour or 60°F/hour. To exhaust this

heat flow would therefore require 2100 BTU/hor.

Cost estimate: to cool my office might take 2000 BTU/hor typically, so this is

2 500 watt machine running half time which is 4 kwh each hour. At 10 hps/day that

is 2.5 kwh/day = 75 kwh/month = $2.25 added onto electric bill each summer month.

conversion: 1 BTU/hor = .3 watts 80 300 watts = 1000 BTU/hour

Efficiency : Let F = heat exhausted/work applied. Ideally, this factor is TyoS TT)
So for an office, aT = 15°K and you could get 300/15 = 20=F. But that is only

the ideal. Zem quotes F=§ as perhaps typical. Of course F = (cooling watts/ elec watts)
so if the so-called EER = BTUH/elecwatts, then F = (1/3) EER. So a cheap machine with

EER-6 has F = 2 which is not very impressive. The best machines have EER-9 so Fa3.
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6 Messiah and the meaning of bras and kets.
1. More than once I have been led back to QM and the question: what is a ket,

- what is a bra, what is a matrix element. This time I was tryingto prove
the Wigner Eckart Theorem and came to the conclusion that I did not know

what I was doing. I think Messiah understands this stuff.

2. According to Messiah, page 246, a ket is one of those abstract vectors

which span the Hilbert space. The space defined by these kets is a linear

vector space over C, the complex numbers. This space has additional hot-

shot niceness properties which make it a Hilbert Space. A linear operator

takes any ket into some other ket. As yet, these a space has no scalar

product, no metric, no norm, no nothin.

A bra is defined to be a different kind of vector. A bra is a function

whose argument is one of the kets. It is supposed to be a linear function.

Bach linear function you can think of defines a bra. Any linear combination

of such functions is also a linear function, hence, a bre. Thus, the

bras span a linear vector space of functions called thedual space. Note-@ _ that we can speak of a function as distinct from its value at some point

( ie, on some ket.) These bras are supposed to map the kets into C.

Next, we are to suppose that to each ket there corresponds a bra in

the dual space such that this bra of that ket is a positive real number.
This number is called the norm of the ket.

This correspondence between bra and ket is supposed to be antilinear:

CO eewaagaleoA. a bak Se eamreprnding" bra.
_ (= aly+ bl => Qa Sdil+ Vel

Note that if you defined a set of kets as an orthonormal basis (in the

abstract), the above supposition would lead you to the vector interp. for

"ss the “ket, and ‘the transpose star for the bra. Also, the above guarantees that

. the norm will be real and positive. Finally, it guarartes that. the scalar

product will have the star reversalproperty.

<alyp = oye Fe apt .

r ) 3. The effect of an operator A on a ket is already clear. The operation of A
on a bra is supposed to give you a new linear function, a new bra. Indeed
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6 it does with the following definition: . :

w uwdel = CHA Qn\uy = (lA) ep = Gel (AlW>)
You couldd prove rigorously that this new bra so defined is a new linear

function, Thus,(no parentheses are needed)in this case, Later in volune two
page 638 Messiah discusses antilinear operators, in which case the parenthesis

_ does make a difference, but not here.

4. In passing, we bhiould have it clear that complex conjugation is only intro-

duced when you write the corresponding bra to a ket. You do not get it here:

GA =_2 (AW) KL (eA) = & (<x\A)
5. What is the hermitiean conjugate of an operator A. ? Consider the bra (a/A.

Since this is after all a bra, it must have a conjugate ket. We can hopefully

obtain this conjugate ket by operating on /a) with some linear operator,

since conjugation of ket to bra or bra to ket is antilinear. This linear

e operator which generates that conjugate ket is called the hermitean conjugateWD othe - - -

yi . +(<ajA = <ul => itp = Al) detines A
. 6. By the way, in passing here is a proof that conjugation is an antilinear

operation:

* 3 * *CAL Oulde rely) = Mle Me = A Gila] a MG (I)
Here I use a special notation: (x/[/a) ] means "the bra that is the conjugate

of the ket /a) ". You can see the anjjtlinearity. The conjugation operation is

linear except that, constants get starred.

--- _1. Now, once we have defined the hermitean conjugate in the above way, it

at once follows thatt
_

*\ALA) = [CMer)eny KatA)eng) = <1 (A'S)
x

I KALALY =CulAtley®

eo Qne observes that (b/At must be the conjugate of A/b) also. But (b/ here was. arbitary. Itreally is At that is aconjugate operator to A, because At can

- generate all the conjugate kets that A can-make, -——-- --- -
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6 8. Messiah goes on to discuss lucidly all the basics of the QM Math, although I
now recall that when I tried to read this once I got lost in his discussion

of projectors. I should have just skipped those sections then. Anyway, after

@ complete and dynamite presentation of the ABC's of matrices, Messiah starts

in on matrix representations of bras, kets, and operators.

9. I sure wish that when I was studying this QM in 221 that someone said: Go and

read that chapter 7 of Messiah. If I ever teach the course, that chapter will

a _ be assigned with projection partially deleted.

e _.

e@ - — - ee
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Clearing up the problem of active and passive transformations.

s Consider the followings  _ a a

ve) oO) Here, there is no mention of x". You couldae Shia . ~ add &@ dePinition that x' = =x. Notice* * that in no way is M® a unit operator,
: —— —— - ~—The-system stays fixed: and the function

o changes. This is the "active" way toA) = TYR) = “¢(-x) do. transformations. This is the way -
I think Tinckham does it ( te "countours

. move, coord system stays fixed.)
Wow consider?

Keon Here we have the passive method of

, > doing transformations. The functionJe x) = v(x) stays right where it ie ( and in thatYO) = WNC) ac) ‘ sense MP here is a unit operator) but
an Pre) (a) the coor system moves, f'(x8) is a
AX fs —— function as seen in the new system.\% Pa 4 x As a function of its argument, f'- Po _ is a different function from f. _

1

~-¥@)= ¥C8) + +6). —

Uy contradiction developedas follows: start with f(x) and do a passive_transformation.
In the original system nothing has happened so you gete Mt (x) = f(x) as shown above, Now start with f(x) and do an active transformation

a6-that you have Nof(x) = f(-x). Thed I equated the two transformations andconcluded that f(x} = f(-x) which is a lie.

Comment: Once you have chosen a transformation “method” you really have to
stick with it or you will screw up. When an-author uses P for parity, he
can mean two very different things. Bjorken and Drell seem to consistently
use the passive point-of-view: for example on page 71: —

HEEL Pott ee HO. xe x a

QE R= PAG = Gt) [hia aro an Be claw Grr fata\
- (2). =P R@= RE) veo 22-2 -

This last line shows how BD would say a legendre function transforms. However,
lote-ef books would-tell-you:— - - - -- - - —

skPRS= ACL = cy ke) -_—— - —_
That is the active method agaain. Enough said.



‘The meaning of a transformation, — QWiashatdunesanon Wak
© Cost ome B Ws .

Somhow I-havs developedw uental blook agaiust ‘understanding something that -I know is quite trivial. The context is the PCT wavefunction and knowing what

it means in B+D, but- the trouble has nothing to do with diracia, -
Consider the following one-dim mirror "transformation":

‘

MVO=VO) S xlemx7 a. _-

,Wwe ve) ~ a

v v -Fa *«

1-9) = 46) - - --
v .

x a _ — 7 oct"
8 ieMT

Most intuitively, I think of M, as something which reflects the KeesBHg (x) "in the mirror" to give the nex function 9(x) as shown) This
is the active transformation where yon hold tight to your reference systen
and let the "thing" do the moving. = a ~--- --

x. NG 6)eo *»eo | gaye ere) =n _ D .
x? Se a(tThe passive interpretation is different. — —_. Pia)In

this case, you leave the "thing" fixed where it is but you hop into nga
different "system". Tye picture you then draw depends in whose frame atyou draw it, Drawn in the same frame as the start frame you get: €, -

; , --— -4 = iCie) VO) j oe)
- =. we ——,—

—Ok ah Sa _ i 4
On the right I have drawn it as it would look from the new system (sort of

Beay axe5)sIf we 8 to sorie aiuiiy “Variable 8 We have: - -
4

- H0)-— fp¥O- —- oe -- --
—[=?s _ are -= ny

Clearly, X(s) and Y'(s) are not the same function’ ¥(1) = 3 but ¥'(1) = -.3.

We have shown that in thi particular case thefollowing is true:
— was — YER ;

: wo! od oke ME) = PE = 4G art) = NE1) [= ate, = 1G 4G) = HOY)
fhe question that remains is this: WHY DO THE BOOKS PUT| THAT PRIME ON ¥777 T
the prime doesn't seem to make any difference. XA 4, -4 But consider the example on the next sheet: embabttio —_

- —Camecd ory ose,yeKe



ra an ard type bewefen,
Illustration of the statement: " B transforms as a pseudovector "

Start with a current loop and-a-RHCS denoted (x,y,z). Next-toit, drawthe
parity transformed setup: ¥
an sree - -—~ abt

_. i's Bese 92 Sa |. - ee.
Sen sy

: aa ee a P_ ge! x!
6

- - Af). =

i Boyan)

CH= 6%) May | a

In the transformed frame we drew the loop first, then the eurrent, All electron
velocities changed ‘sign, as did all coordinatess Then in the new-frame I-used

the RH rule to find the direction of B at those corresponding points. (This
RH rule is coordinate system independent). . - ne

After drawing in those B directions, we notice that the direction of

B at theparity-related point is the same, which suggests that B is a pseudo-
vector. Notice that the new system (x',y',z') ig a left-handed one,

Now we cam practice with the transformation statement, The statement

- r) that Bis a pséudovector under parity is written:~ nd
~

Be es .aN _Bt= 2 RaX) =+ BAO eae Ke oh.He +t
To check this out for the one point we have picked, out: _
Vat S : 44%

Bee) = 4C%heae at sua Bee- +8) = YQ) on _. a
Here, B'(x',t') is the maganticYield observed in the frame S' at S' location
x's We-must realize that-B' and B are -two completely-different functions-of
two variables (x,y) here. For example, it

— . . BS?) = lo-3s4 2st. eee
‘

— Te BEA = wa3s + %st__ _ sie _BGS = BC5;¢)
In terms of the above pictures, let (x,y) = (2,1). Then

= >

7 -

= . ‘

~ - &@)= 42 Crorea.ning 4 Bey a Bey)
1 ua : > 7@. Bea= 42 (macy 4 Body) a Bie) wee. Waly Syurmasue|),BRYN= nue _ - _- an LNotice that the parity statement does NOT say: —y ||. - ae

_—_ —_ — — -St)=0 BaH = BCR
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Quantum Mechanics.

@., quantum mechanics, certain quantities are quantized:

1. a} In the analysis of a "particle in a box", (infinitely high potential walls), what

causes the energy to be quantized?

2. {is} Consider the more complicated case of the hydrogen atom,erenyteentrei-_pobentiel—

problems As you know, the wavefunction may be factorized into the form ‘Y*(r,0,f)

= fey (r) Yy (218) where Y is a spherical harmonic, and f is the raddal
wavefunction. The angular momentum Q is quantized so that A= 0,1,2.... (in
units offi ), and the energy is akso quantized , the eigenvelues being given
byt

2 2
=-2 wheren = 1,2,3... and a, =ne, OF ee2a, n

@) tm this problem, what is it which causes the gnaukxx angular momentum and energy
to be quantized? (The following two parts of this problem are hints for this part.)

(\p) The radial equation for the hydrogen atom contains the energy E. For any value (thi
of B this differential equation certainly has solutions. ff E is not an eigenfalue,e what could you say about the redial wavefunction ap 2 :

(Q) When m=0, ¥ gq (018) = Pg (cos®) , a Legendre polynomial. It is possible to extend
the méaning of the function Pg(2))f to all real values (in fact complex values) of
the parameter 4. If J is a real number but is not an integer, whet would you

guess would be true about the following integral: ¢and uh.)\
Ios S C Pp (2) Pa

(3) ~ pouch
}xConsider the earth and sun as a,qua ntum mechanical system like the hydrogen atom.

Is the energy of the earth quantized? Is the angular momentum of the eearth quantized?

fajxRampute the "Bobr redius" for the earth-sun problem (Roy wh
Please make the following computations only to within 10 orders of magnitude: (tmaahax

(a) Compute the "Bohr radius" of the earth-sun problem. sees)
(b) What is the energy of the ground state of the earth-sun system ( the “Rhydberg")

(c) What in fact is the energy of the earth ( of course ignoring all other

e celestial objects and setting E-O for infinite separation).
" (4) What is the prinipal quantum number mixthexemkh n of the earth?

(e) Comment o) 7 the role of gn in celestial mechanies.

. ,
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POAC: Goldberger Trieman Relation

This business is fairly complicated and there are leads of cenventiens te threw

you off what you're doing, The basic idea is this:

1) we knew the width ef the weak pion decay. We also knew that the matrix element

of the hadrenic axial weak current between the single pion state and the

vacuum has a very simple form involving a constant, the pion decay constant.

2) if we make the assumption that dyAY = ¢ pi, then it is easy to show that
the constant ¢ ie the pion decay constant. Netice that this constant is defined

differently be Commins and Adler.

3) Now consider the NNPI vertex for an off shell pion. From the usual reductien

formulas we can write the S mabrix element in terms of the pion field sand-

wiched between the n and p states. But we also know this same matrix element

from lowest order field theory in terms of the pion coupling constant gp.

Again, a most general form argument is used here.

: 4) 4) Now use PCAC in this matrix element and use the mest general form again to
bring in the form factors gA and gP. Then we get a fancy relatien relating

ry BA, aP, &rs fpiy and some masses. .5) finally, you leok at q = 0 and get almost the GTR. The last step is to assume

a smoothness in the behavier of g, near small q®. This gives the relation.
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Cosmological Hilbert Space

Geoffrey F. Chew

Theoretical Physics Group
Physics Division

Lawrence Berkeley National Laboratory
Berkeley, California 94720, U.S.A.

Abstract

A Fock space of‘cosmological preons’—quantum-theoretic universe
constituents—associates to a ‘Milne spacetime’ based on the Lorentz group and to

Gelfand-Naimark unitary group representations. Lorentz invariance of Milne-universee ‘age’ accommodates ‘total relativity’. Two ‘extra’ dimensions ofthe 6-dimensional space

occupied by preons at certain exceptional ages ofthe universe define self-adjoint single-
preon operators that include a canonically-conjugate pair representing preon energy and
local time. Global spacetime divides into ‘slices’ of fixed macroscopic width in age, with
‘cosmological rays’ defined on slice boundaries. Self-adjoint-operator expectations at
such a boundary prescribe throughout the subsequent slice a non-fluctuating ‘mundane
reality’—current densities of conserved electric charge and energy-momentum together
with electromagnetic and gravitational potentials, The ray at the lower boundary ofa slice
is propagated to the upper boundary by cosmological branched Feynman paths across the
slice that carry (divergence-free) potential-depending action. A macroscopically-stable
positive-energy single-preon wave function identifies either with a Standard-Model

elementary particle or with a graviton. (Unstable negative-energy preon wave functions
remain to be interpreted.) Special relativity--Poincaré invariance~although inexact, is
accurate for low-density regions ofthe universe at spacetime scales which are far below
that ofHubble and far above that of Planck.
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Introduction

| r ) Nonexistence ofunitary finite-dimensional Lorentz-group representations has

ong been supposed to preclude, for dynamically-changing numbers ofparticles, a Dirac-
type quantum theory that represents individual-particle properties such as location,

momentum and spin by self-adjoint operators on a rigged Hilbert space. ‘The Standard
Model, which employs as foundation not particles but quantum fields associated to finite-

dimensional Lorentz-group representations and which represents action by ill-defined| localfield-product operators with perturbative renormalization procedures to manage
consequent divergences, has failed to accommodate gravity. Problematic, furthermore, is
the Standard-Model description of bound states (‘condensed matter’), perturbation theory
being unsuited to macroscopically-stationary composite wave functions.

The discrete quantum cosmology (DQC) of Reference (2) and the present paper

introduces a ‘cosmological-preon’ Fock space via unitary (infinite-dimensional) 4
representations of the complex Lorentz-group. Any cosmological preon (henceforth oe
throughout this paper simply called ‘preon’) is ‘lightlike’—in the sense of having se
velocity c and a polarization transverse to velocity direction—and carries momentum,
angular momentum and energy. However, only very-special preon wave functions

exhibit, through expectations ofself-adjoint operators, the relation between energy,
momentum, spin and spacetime location that characterizes ‘ordinary matter’. A DQC

Fock-space ray, representing the entire universe, comprises sums ofproducts of preon
Wave functions whose diserte quantumnumbers allow certain macroscopically-stable
positive-energy preon states to be interpreted as lepton, quark, weak boson, photon or

graviton. (A cosmological meaning is given below for the adjective ‘macroscopic’.)e Reference (2) specifies ‘creation-annihilation’ Feynman paths whose action includes
gravity as well as electromagnetism and weak-strong interaction.

The DQC Fock space is built from Pauli-symmetrized superpositions ofproducts
of invariantly-normed single-preon functions. Displayed in this paper is a single-preon
basis that is ‘6-labeled” by preon energy, ‘momentum magnitude’, direction of
momentum (2 angles) and apair of invariant helicities. One of the latter—here called
‘velocity helicity’--is angular momentum with respect to velocity direction while the
other is the (usual) angular momentum in the direction ofmomentum. Preon energy is the

component ofits momentumin the direction ofits velocity. The term ‘momentum. iemagnitude’ has a continuous significance, through Lorentz-group Casimirs, that parallels
the significance in nonrelativistic quantum theory of a particle’s discrete ‘angular-
momentum magnitude’.

Commutability of the complete set of 6 corresponding self-adjoint operators

derives from commutability ofright Lorentz, transformations with left transformations.

Our usage ofthe adjectives ‘right’ and ‘left’ will be explained. DQC Hilbert space
unitarily represents a /2-parameter group—the product of right and left Lorentz groups.
Action is right-Lorentz invariant, DQC right transformations being those employed by
Milne to define a spacetime ) and which we call ‘Milne transformations’ to avoid
confuusion with the Einstein-Poincaré meaning for a Lorentz transformation. The 6 self-
adjoint-operator generators of Milne transformations, which do not commute with each
other, represent preon momentum and angular momentum. DQC path action conserves

e
momentum and angular momentum but not energy—which associates to one of the Jef?
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Lorentz generators. Velocity helicity associates to another left generator, one whiche@ commutes with preon energy as well as with momentum and angular momentum.

To the best of our knowledge DQC left transformations have no 6-parameter-
group precedent in natural philosophy but a l-parameter left subgroup associates to /ocal-

time translation (not translation ofglobal time--which we call ‘age’). The generator of
this left subgroup represents preon (total) energy. Another U(/) left subgroup, generated
by velocity helicity, comprises rotations about the velocity direction. In the DQC algebra

of self-adjoint operators (which, because DQC accords noa priori meaning to

‘measurement’, we avoid calling ‘observables’) the two left Lorentz-group Casimirs areyt equal to the two right Casimirs (commuting with all 12 group generators).

Reference (2) addresses the DQC action ofbranched Feynman paths. The present
paper is complementary-—-ignoring path action while addressing various 6-labeled bases

for single-preon Hilbert space. Each basis corresponds to a complete set of6 commutingself-adjoint operators (a 6-csco). Unitary Hilbert-space regular representation of the
product of right and left Lorentz groups provides a DQC path-contactable basis that

A parallels the Feynman-path-contacting coordinate basis for Dirac’s nonrelativistic

+ y quantum theory. “ An analog of Dirac’s momentum basis associates to the unitary
‘ irreducible SL(2,c) Gelfand-Naimark (G-N) representation (‘unirrep’).

The algebra of preon self adjoint operators represents in Dirac sense preon spatial
location, velocity, polarization, energy, momentim and angular momentum, as well as
velocity-helicity and momentum-helicity. Ofcourse not all these operators commute with
each other. Each of the DQC bases discussed here associates to a different 6-csco.

In the ‘path basis’ each preon is ‘classically specified’ by (a product of) the 6e@ continuous coordinates ofa manifold traversed by Feynman paths comprising straightlightlike ‘ares’ which may be created or annihilated as a path progresses. (The local time
along any arc has unit derivative with respect to global age.) A path propagates some
“ray’--a fixed-age cosmological wave function whose norm lacks significance through
probability or otherwise-to the subsequent ray. Each preon ofa ‘starting’ ray contactsexactly one starting arc ofa Feynman path. Before reaching the age ofthe subsequent

ray, any path arc may be annihilated at a cubic vertex—an ‘event’—where new arcs are
created.

One of two ‘extra’ velocity-associated manifold dimensions, by defining a self-adjoint operator associated to individual-preon local time, allows reality in the ‘near-

future’ of a ray to be prescribed by self-adjoint-operator expectations over that ray. The
meaning of ‘near future’ attaches to a DQC ‘macroscopic slicing” of Milne spacetime that
will be discussed below. Cosmological rays are defined only on slice boundaries.

DQC Fock space comprises sums of Pauli-symmetrized products ofnormed
single-preon functions. At the risk of obscuring total relativity, the present paper chooses
to emphasize the unfamiliar labels on which depends a function belonging to an
individual preon. Special such functions that represent elementary particles (quarks,
leptons and weak bosons, together with photons and gravitons) will be exposed.

What we call ‘total relativity’ recognizes time arrow and absoluteness of motion

while respecting Mach’s principle in the sense discussed by Wilczek. © Binstein-
Poincaré special relativity ignores time arrow and motion absoluteness; special relativity

further disregards Mach. Application ofDQC to physics requires scale-based@ approximation; DQC addresses an expanding universe that lacks meaning for
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reproducible measurement. The general meaning of ‘physics’ and of special relativity ine@ particular is confined to spacetime scales tiny compared to that of Hubble while huge
compared to that of Planck. Reference (6) presents a Euclidean-group-based physics-
scale gravity-less approximation to DQC that may be described as a (Higgsless) ‘sliced-
spacetime Standard Model’ (ssSM).

The DQC (global) age, invariant under both right and left transformations, plays a
discrete role paralleling that of continuous time in nonrelativistic quantum theory. DQC

Feynman paths connect successive macroscopically-spaced exceptional ages at cach of
which is defined a cosmological Fock-space ray—inasenserecalling S-matrix theory.

DQC spacetime divides into ‘slices’ of macroscopic width whose boundaries locate at the
exceptional ages. Path branching—path-arc creation or annihilation--is forbidden at slice
boundaries where a ray is defined—occurring at ages interior to a slice where rays are
not defined. DQC dynamics prescribes quantum propagation in the discrete S-matrix

sense of an “in state” leading to a subsequent “out state” without any wave function being
defined between in and out. y

Although not discussed int the present paper, the aggregation ofDQC Hilbert
space, path rules and initial condition “spontaneously” breaks C, P and CP symmetries.

Because the DQC Hilbert space represents a group isomorphic to the complex Lorentzup (as does analytic S-matrix theory), it is lawible that sonne coomologicalthat some cosmological

counterpart to ‘CPT symmetry”will eventually become recognized.The here-examined infinite-dimensional single-preon Hilbert space comprises
normed functions of the continuous coordinates (path-basis labels) that ‘locate’ an

individual preon within a 6-dimensional manifold which is at once a right anda lefte group manifold (common Haar measure). The single-preon Hilbert space has as a factor a
‘finite-dimensional Hilbert subspace of discrete labels, invariant under both right and left
continuous transformations, labels that are largely ignored by the present paper. Discrete
labels carried by both path and ray distinguish different preon ‘sectors’ (¢.g., electron, up-
quark, photon, graviton) by specifying electric charge, color, generation, etc,

We shall here attend to an invariant 2-valued parity-related “handedness” carried
both by path arcs (between path-branching points) and by preons--in contrast to preon
helicities that are meaningless for a path arc. DQC Hilbert space correlates handedness to
sign of helicity in assigning to each preon sector a unique velocity helicity that coincides

\_ with momentum helicity.
vi G-N discussed two different bases for a Hilbert space that represents unitarily the
g group SL(2,c), without attempting for either a natural-philosophical interpretation. The? vectors of one basis—analog to the coordinate basis of nonrelativistic Dirac theory--are

normed functions over the 6-dimensional (continuous, left-right) manifold. We call this

the path basis because DQC Feynman paths traverse this 6-space. G-N’s second basis--
that we here call ‘G-N unirrep’--parallels the Dirac-Fourier-Wigner momentum-spin
basis of nonrelativistic quantum theory that unitarily and irreducibly represents the

Euclidean group. ® (The 6-parameter compound Euclidean group is a contraction of the
6-parameter semisimple Lorentz group.) Although the transformation connecting the two
G-N bases is not entirely of Fourier-Wigner form, wave-function norm is preserved; the
transformation is unitary.

We modify the G-N unirrep basis by (unitary) Fourier transformations ofwave-r ) function dependence on a pair of complex directional labels, so as to diagonalize
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simultaneously preon energy—the component ofits momentum in its velocity direction@ and components ofmomentum and angular momentum in some arbitrarily-specified
direction. A continuous Casimir label, carried over undisturbed from the G-N unirrep
basis, we call ‘magnitude ofmomentum’. Two discrete labels are helicity interpretable—
components of angular momentum in velocity and momentum directions. The altered

basis, which facilitates meaning for ‘preon parity reflection’, we call the ‘energy-unirrep’
basis.

‘The universe spacetime identified by Milne in the nineteen thirties ©—an open
forward-lightcone interior whose boundary allows ‘big-bang’ interpretation— endows

‘Lorentz transformation’ with a cosmological time-arrowed meaning different from the
Einstein-Poincaré special-relativistic physics meaning (ignoring time arrow) that
augments Lorentz invariance by spacetime-displacement invariance. (A sufficiently large
spacelike or negative-timelike displacement may move a point within Milne spacetime

outside that spacetime—ic., outside the universe.) Jn contrast to an Einstein boost
between different ‘rest frames’ that each assigns a different set of velocities to massive

entities within some ‘laboratory’ spacetime-localized region, Milne boosts relate to each
other different ‘local frames’ that each associates to a different spatial location, Milne

boosts--rightDQC transformations--are spatial displacements at fixed universe age in &curved (hyperbolic) 3-space.

Although Milne-spacetime flatness~manifested in DQC by straight lightlike arcs
within Feynman paths--might seem incompatible with general relativity’s association of

gravity to spacetime curvature, DQC gravitational action at a distance plus creation andr ) annihilation of soft-gravitonic arcs enables discretized curvature via ‘gentle’ branchings
of stationary-action classical paths. ® Any DQC path, as prescribed in Reference (2), is
an ‘event graph’—a set of spacetime-located cubic vertices connected by arcs ofpositive-
lightlike 4-velocity that carry energy as well as discrete attributes. By disregarding
Planck’s constant, general relativity ignores gravitons and approximates by a spacetime-
curving trajectory (e.g., an electron trajectory) an arc-sector-maintaining stationary-action
sequence of DQC straight ‘hard’ arcs that are separated at gentle events by ‘soft?
gravitonic-arc absorption or emission.

‘The adjectives ‘hard’ and ‘soft’ refer to the energy scale set by Planck’s constant

times the inverse of the age width of a spacetime slice—the time interval that defines
cosmologically the adjective ‘macroscopic’. Both the Standard Model and the Reference

(6) ssSM revision thereof attend to the Planck constant, while making a G > 0
approximation and achieving flat 3-space through disregard of the Hubble constant—
suppressing redshift by regarding universe age as infinite. The ssSM physics
approximation to DQC—differs from the Standard Model by its recognition of
macroscopic spacetime slicing. The revision accommodates soft photons and thereby
maintains capacity (even while ignoring gravity and redshift) to provide an
electromagnetic theory of physical measurement.

Milne Spacetime

The open interior of a forward lightcone—what we call ‘Milne spacetime’--is the
product of

a lower-bounded one-dimensional ‘age space’ with an unbounded 3-r dimensional ‘boost space’. The spacetime displacement from the forward-lightcone
vertex (whose spacetime location is meaningless) to any spacetime point is a positive-
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timelike 4-vector (t,x). Defining the “age” r of a spacetime point to be its Minkowski@ distance from lightcone vertex—ic., the Lorentz-invariant modulus (P — x°c)" ofits
spacetime-location 4-vector—the set ofpoints sharing some common age occupies a 3-
dimensional (global) hyperboloid. Any point within such a hyperboloid may be reached

from any other by a 3-vector boost. Once an origin within boost space is designated, an
arbitrary spacetime point is specified by (z, f), wheref is the 3-vector boost-spacedisplacement from the selected origin to the point. Writing = in, where n is a unit 3-

vector and f is positive,

1=tcosh, x=ctnsinhfp. oy
The spatial-location label # will in the following section and in Appendix A be

identified within the path basis for DQC Hilbert space. Compatibility ofage
discretization with Milne’s meaning for Lorentz invariance allows DQC’s spacetime to
be temporally discrete for its Feynman-path quantum dynamics even though spatially
continuous. Discretization occurs at two different fundamental scales: (1) Any DQC
Feynman path traverses an age-discretized ‘macroscopic slice’ of Milne spacetime—a
slice bounded above in age as well as below. (2) Within each slice any (straight and
lightlike) arc proceeds in Planck-scale age steps, whose precise value is established in
Reference (2) from action quantization.

Although consistency requires slice width to be an integral multiple of arc step,
the huge-integer ratio will not be addressed by the present paper—which ignores arc

steps. Before attending at all to path arcs this paper chooses to address the single-preon@ Hilbert-space path basis. Nevertheless the termination of path arcs at exceptional (ray-
age) hyperboloids might be taken as defining the path basis ofpreon Fock space.

To each point of boost space associates a “local” Lorentz frame in which f = 0—
ie., a frame defined up to a rotation by the point’s location 4-vector being purely timelike
in that frame. Age change and time change are equal in local frame. In local frame an

infinitesimal spatial displacement dx at age 7relates to an infinitesimal boost-space
displacement df by dx = crdf. (A phenomenological meaning for ‘local frame’ resides in
the approximate isotropy of cosmic background radiation observed in that frame. This
meaning parallels that of standard cosmology’s ‘co-moving coordinates’. ) The rotational

ambiguity oflocal-frame meaning is reduced below through an origin of a 6-dimensional
‘space that (arbitrarily) designates not only the origin’s boost-space location but also an
attached orthogonal and handed (1, 2, 3) set of3 reference axes which may be paralleltransported along a boost-space geodesic from the origin to any other boost-space
location.

‘The (3-parameter) global orientation ambiguity is accommodated by total
relativity—a DQC Fock-space restriction that requires rays to be globally rotationally
invariant—unchanged when a common Milne rotation is applied to all preons. Ray
expectations ofMilne-boost generators are also globally invariant. Total relativity might
be said to mean that both the total momentum and the total angular momentumofthe
universe are zero (6 conditions). The DQC universe is not only rotationally invariant but,
associating right-boost generators with infinitesimal spatial displacements at fixed age,
the universe is also ‘classically-invariant’ under (non-abelian) boost-space displacements.
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