Experiments with electrical resistive networks
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Theoretical problems involving equivalent resistances of large or infinite networks of resistors have
received substantial attention. We consider taaiual networks. In the first, the resistance is
measured across one end of a ladder whose number of loops is incremented until the precision of the
multimeter is exceeded. In the second, resistances are measured across nodes near the center of a 12
by 12 square grid of resistors. These experiments are useful in the introductory physics laboratory
as interesting examples of equivalent resistance, and can be added to a standard Ohm’s law
experiment. The square grid apparatus also can be employed for lecture demonstrations. In addition,
this apparatus offers approximate experimental confirmation of complicated theoretical calculations
for the equivalent resistance between two nonadjacent nodes of an infinite square grid. These
experimental results are verified numerically. 1899 American Association of Physics Teachers.

[. INTRODUCTION der Pol and Bremmerwho analytically performed difficult
integrations to find definite numbers, although these authors
Problems involving large or infinite electrical resistive net- do not explain how these integrations were accomplished.
works are interesting and educatiohdl Applications in-  Lavatell? generalized the results to finite grids, although the
clude geophysical exploration with electrical currents, petroresults are in terms of integrals. Venez%w,ho was evi-
leum flow in oil wells, and random walksAlthough there is  dently unaware of any previous work, employed a different
a substantial amount of theoretical work in the educationahpproach to the infinite grid problem, and arrived at integrals
literaturel**~°we have not found any experimental investi- that do not appear to be equivalent to those of van der Pol
gations. Our main purpose in this article is to show thatand Bremmer. However, a comparison shows that Ven-
interesting resistive networks can be incorporated inteezian’s numerical integrations agree with van der Pol and
Ohm’s law experiments in the educational laboratory. Bremmer’s analytical results. Venezian's method was re-
Two resistive networks are considered. The first is thecently illuminated and generalized to other lattices by Atkin-
ladder shown in Fig. (B), where we investigate the conver- son and van Steenwii€, who performed algebraic integra-
gence of the equivalent resistance across the terminals to thi®ns with MATHEMATICA . The results are equivalent to those
limiting value corresponding to the infinite ladder. We showof van der Pol and Bremmer. One of our motivations is to
that this limit can be experimentally probed to a high degreexperimentally and computationally confirm the theoretical
of precision as a result of an approximate exponential conresults. Although these results are supported by independent
vergence, which eliminates both the need for a large numbefalculations, such confirmations are appropriate due to the
of resistors and the effect of variations of the individual re-difficulty of the problem and the usefulness in the educa-
sistances. tional laboratory.
The second resistive network we consider is the two-
dimensional square grid shown in Fig. 2. The problem of thq| | ADDER THEORY
equivalent resistance across tadjacentnodes in annfinite
square grid of identical resistors is well-knowhThe solu- Figure 1a) shows an electrical resistive ladder composed
tion can be simply obtained by superposing two current disof n loops of resistors each of resistariRg. The equivalent
tributions: one in which curreritis injected at one node and resistanceR,,,; across the terminals of the ladder with
removed at infinity, and the other in which currénis in-  +1 loops can be determinktlin terms of the equivalent
jected at infinity and removed at a node adjacent to the origiresjstancer,, of the ladder withn loops by considering Fig.
nal node..ln the first case, the symmetry |mpI|e§ that curreni(b)_ The result isR,,, ;= Ro+ RoR,/(Ro+Ry,), O
i/4 flows in each of the four segments emanating from the
injection point. Similarly, in the second case, curréfit _ Rot2R, 0
flows in each of the four segments terminating at the removal 1T RytR,
node. The superposition of these two distributions yields ne B B . .
currenti/2 through the segment between the two nodes. Th (;r rr:—lf23| zljvdherd?l— ZRKO.' T::e eguwalept (;eélstanqe
equivalent resistance, which is the potential difference dio' b e_ln 'E'te adder network is then determined by setting
vided by the injected or removed current, is thiRyg2, where Rn+1=Rn=R.. in Eq. (1), and solving forR.... The result is

Ry is the resistance of each resistor. R, 1+.5

This argument cannot be extended beyond the equivalent R~ "5 - 2
resistance across two adjacent points: When current is in-
jected at one node and removed at infinity, the branching The resistive ladder is useful as an educational laboratory
ratio of the current at a nearest-neighbor node cannot bexperiment to verify the progression B ,R;,R3,..., to the

determined by symmetry. The problem was solved by vadimiting value R,,. As listed in the third column of Table I,
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(a) Table |. Theoretical and experimental equivalent resistaRgder a ladder
of n loops of resistors shown in Fig.(d. In the experiment,R,

R, R, =1.00 K.
Numbern of Theoretical Relative theoretical Measured
R R loops in ladder value ofR,/R, deviation R,—R..)/R, value ofR,/R,
0 0

1 2 3.82<10°* 1.990 01
2 5/3 4.86<102 1.65772
3 13/8 6.9%10° % 1.616 30
4 34/21 1.0x10°° 1.610 38
5 89/55 1.4% 104 1.60953
6 233/144 2.1&10°° 1.609 41

R, 7 610/377 3.1%10°¢ 1.609 40
8 1597/987 458107 1.609 40
s (1+5)/2 0

b) R R, Rn

(e

Fig. 1. (&) Resistive Iadd awork <iing o ¢ oairs of id The exponential approach 8%, to R,, suggests that when
ig. 1. (8) Resistive ladder network consisting ofloops of pairs of iden- ; ; ; ; ; ; ;
tical resistors of resistand®,. (b) Diagram for determining the equivalent a potentlal difference is applled to the terminals in FI@')’]'

resistanceR,,, ; of n+1 loops in terms of the equivalent resistafeof n the qurrents in sucqessw_e IOOD.S of the. Iaqld_er decrea.se €Xpo-

loops. nentially. To analytically investigate this, it is convenient to
define “mesh” currentd circulating in the same sense in
the loops, wher&k=1,2,...n. Kirchhoff's loop rule for the

. . , kth loop yields the recursion lawig=iy,q+i_1, for k
calculations of the recursion relatigh) reveal that the con- ~23,..n~1. For the infinite ladderr{==), the solution

vergence is very fast. To analytically investigate this conver- ~ . _ _
gence, we substitutR,=R.,+ 5, into Eq. (1), and assume Which vanishes ak—x isi,<a . wherea=(3+ \5)/2 as
thatn is sufficiently large such thas,<R. . This leads to 2POve- Hence, the”cufrrents in the m{lnlte Iadﬁler _mdfeed der-]
the recursion relation, . 1~ (2—R.. /Ry (L+ R, /Ry 13,  Cease exponentially for successive loops. That is, for eac
i P+l ", 0 0 n successive loop the branching ratio of the current is a con-

which, by Eq.(2), is 8,.1=a 25, where a=(3+5)/2. stant, which is a plausible result. The recursion law is also
The decaying solution obeyga~?", which shows tha,  satisfied by the diverging sequenges X, which must be
exponentially(or geometrically approaches zero, and 8 included for finite ladders, sq=Aa ¥+ BaX in these cases.
exponentially approachds, . Specifically, the theory shows The ratioB/A is determined by Kirchhoff's loop rule for the
that lod (R, —R.)/Ro] vs n asymptotically approaches a nega- final loop, 3,=i,_,, which yields B/A=—a 2"(3
tive slope of magnitude 2 Idg). By plotting the theoretical —a)/(3—1/a). Although the currents do not strictly de-
values in Table I, one can observe that the asymptote igrease exponentially in successive loops of a finite ladder,
essentially reached by the=2 point, and that even the  he effect of the exponentially increasing term decreases as
=1 point falls nearly on the asymptote. increases. Moreover, plotting the current distributions re-

veals that the effect is only noticeable forn for any value

of n, and that even this deviation is small.

Ill. LADDER EXPERIMENT

We performed an experiment with the resistive ladder
shown in Fig. 1a) with Ry=1.00 K) resistors of=1% ac-
curacy mounted on a small electronics breadboard. Such an
experiment is suitable for the introductory laboratory be-
cause no soldering is required, and because the resistors are
inexpensive, especially when purchased in large amdunts.
To precisely measure the equivalent resistances, we em-
ployed a six-digit multimeter (Hewlett-Packard model
34401A). Successive loops of the ladder were naturally
added to the endppositeto that where the multimeter was
connected.(The importance of this is explained belgw.
Listed in the final column of Table | are the data normalized
by the individual resistancBy=1.00 K.

***** The convergence of the experimental datdrto, can be
exhibited by a plot of lofR,—R.)/Ry] vs n. However, the
1 2 3 4 5 6 predicted valug?) is unsuitable folR., /R, here because the
A ) L
Fig. 2. A 12 by 12 grid of identical resistors of resistafie The dot labels actual value will differ on the order of 1% due to variations

the center nod€0,0) of the grid. Measurements of equivalent resistance in the resistance of the resistors, and because the plOt IS very

were made with the center always as one terminal, and were across a side€nsitive to the value O_Roo/Ro- If the predic?ed value is
diagonal, double side, knight's move, and double diagonal. used, the data agree with the theory for typically only one

6 5 4 3 2 1 0
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1 I Fig. 4. Theoretical current distribution in an infinite two-dimensional square
7 8 grid of identical resistors, according to Ref. 7 or 10. Unit current is injected
number of loops n at the lower left nodg0,0) and removed at infinity. The distribution has

eightfold symmetry, and so only an octant is shown.

Fig. 3. Equivalent resistance of the ladder in Fi¢p)las a function of the
numbem of loops. The points are experimental; the line is a fit to the points

corresponding tm=2, 3, 4, and 5. The leveling-off of the points is due to . . .
the precision of the multimeter being exceeded. added, and the approximate exponential decrease in the cur-

rent in successive loog$Sec. I). This rapid decrease in cur-
rent causes the equivalent resistance across the terminals in
decade, and then strongly diverge. We thus tReatR, as a  Fig. 1(a) to be insensitive to variations in the added indi-
fit parameter. The fit can be achieved simply and quickly byvidual resistances as loops are added to the opposite end.
manually adjusting the value until the plot is linear. The This isnotthe case, for example, if the order of adding loops
results are shown in Fig. 3. The data extend beyond fouls reversed so that loops are added at the terminals as in Fig.
decades, which is remarkable for any experiment. Seldom d&(b), which is necessary for the theoretical calculation. The
introductory physics students have the opportunity of dealing/alues of the equivalent resistance continue to deviate on the
with measured values where six figures are significant irPrder of 1% as loops are addealthough the final value is
testing a theory. The expense of a multimeter with such prethe same regardless of the ordewhich does not allow a
cision can be mitigated by having groups share one or sewrecise asymptotic analysis of the data as above. We con-
eral multimeters, which is suitable here because the data cdfimed this experimentally for the ladder that yielded the data
be quickly gathered while other groups are performing an Fig. 3. If the above fit value oR../Ry is used in the
standard Ohm'’s law experiment. plotting of the data, the deviations are dramatic in that many
The measured equivalent resistanBgs R;, andRg ap- of the ordinate values are negative, so they cannot appear on
proach a constant value in Fig. 3 because the precision of tH&€ semilogarithm plot(The data are thus not shown.
multimeter is exceeded. The line in Fig. 3 was obtained by
adjusting the value oR,. /Ry such that only thdR, through
Ry data are fitted, because the asymptote is not predicted 1. SQUARE GRID THEORY
be reached by, (Sec. I), and because thBg throughRg . o )
data are imprecise. The value of the fit parameteR.i¢R, Figure 4 shows the local current distribution according to
— 1.609 380, with an upper bound of 1.609 392 whereRje the theory of van der Pol and Bremmdor the case of an

datum exhibits negative deviation from the linear relation-?nf-in-ite square grid of identical resistors where a unit current
ship in the plot, and a lower bound of 1.609 370 where th is injected at one nodghe origin and removed at infinity. It

R. datum beains t hibit itive deviation f the li Ss remarkable thatr enters into the branching values of the
5 datum Pegins (o exnibit positive deviation from the finear ., .ant at the nodes. We confine our interest to the equiva-

relationship. The experimental value Rf. /R, is within the  |ant resistances across a “side,” “diagonal,” “double
1% resistance tolerance of the predicted value 1.618 034 %fide,” “knight's move,” and “double diagonal.” If the
Eq. (2). The slope of the line in Fig. 3 has magnitude 0.835,1qdes are labeled by a unit lattice as in Figs. 2 and 4, ex-
which closely agrees with the predicted value of 299( amples of these are segments with one endpoint at the origin
=0.835951 in Sec. Il. The experimental results are thus corn0,0) and the other at1,0), (1,1), (2,0, (2,1), and (2,2),
sistent with the theory. respectively. By superposing the results in Fig. 4 such that a
It is surprising that the data in Fig. 3 have negligible de-unit current is injected at the origin and removed at one of
viations even though the values of the resistors vary on théhe desired nodes, one can calculate the local current distri-
order of 1%. Indeed, how can experimental values with aution that would occur when an ohmmeter is connected
precision of one part in PObe meaningful when random across the nodes. Once these currents are known, the equiva-
variations of 1% exist in a system? The high precision in thident resistance can be determined as the potential difference
experiment results from the manner in which the loops aralivided by the input(or outpu} current. The values of the
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Table Il. Theoretical and experimental equivalent resistaRggor a two-dimensional square grid of resistors
with resistanceR;, . The theoretical values are from Ref. 7 or 10 for an infinite grid, and the experimental and
numerical values are for a 12 by 12 grifFig. 2). In the experiment, the individual resistance Rg

=0.995 K).
Deviation from
Value of Re/Ry infinite grid value
Segment Infinite grid Experimental Numerical Experimental Numerical
side 1/2 0.503 020.000 09 0.503 280 0.62% 0.66%
diagonal 24 0.643 21-0.000 12 0.643 364 1.04% 1.06%
double side 24 0.73999-0.000 30 0.740 090 1.82% 1.83%
knight's move 4112 0.790 59-0.000 37 0.790 587 2.24% 2.24%
double diagonal 8/3 0.878 50-0.000 18 0.878 448 3.50% 3.49%

equivalent resistances, normalized by the resist&aaf the  neighbor values of the potential. Listed in Table Il are the
individual resistors, are displayed as the infinite grid valuegesults for the equivalent resistances after roughly 3000 it-
in Table II. erations of the potential values. We confirmed these results
These calculations are very useful for introductory physicdy creating a virtual 12 by 12 square grid of identical resis-
students because the superposition principle is required in dars with theELECTRONICS WORKBENCH™ software:> which
interesting manner. The calculations also strongly reinforce€mploys general numerical methods to solve arbitrary cir-
the notion of equivalent resistance because the situation @uits.
more challenging than usually encountered. The students are
expected to completely understand the equivalent resistanae SQUARE GRID EXPERIMENT
of a side, but are asked to otherwise accept the theoretical ) ) )
values of the currents in Fig. 4 as results of calculations TO experimentally test the theoretical values of the equiva-
beyond the level of introductory physics. This naturally mo-lent resistances in Sec. IV, we constructed a grid &fl2
tivates an experimental confirmation of the values. X13=312 resistors shown in Fig. 2. For accuracy, we first
The equivalent resistances for the infinite square gridneasured the individual resistances of 400 resistors rated at
serve as approximations to equivalent resistances near tde00K2=1% ™ and plotted a histogram of the results. We
center of the 12 by 12 grid in the experiméBec. \). Foran  found that the distribution was roughly Gaussian with mean
accurate comparison with the experimental values, one couldalue 0.995 K, and that we could obtain a worst-case un-
numerically perform integrals of Lavateflilt is easier and certainty of =1/2% by removing only a few percent of the
more interesting to use thelaxation methotf to numeri-  resistors. Hence, the value of the individual resistance for our
cally determine the values of the potential at the nodes. Thapparatus is 0.9960.005 K.
potential values are held fixed at the two particular nodes A plywood board 2 ft by 2 ft with 3/4 in. thickness was
where the current is injected and removed. Once the poterused in the construction of the grid. A white sheet of For-
tial values are known, the currents can be calculated fronmica was glued to the top so that the resistor grid would be
Ohm's law, and the equivalent resistances across the inpalearly visible. We then drilled £3-=169 holes 1.25 in. apart
and output nodes then follow as above. for #8-size brass wood screws. For convenience in quickly
We accomplished the numerical determination of the poidentifying the center node, a small brass disk was concen-
tentials as follows. First, note that the existence of definitdrically inlaid in the board. The screws were flat-head Phil-
potential values at the nodes automatically ensures that tHgps type. Using a Dremel tool, we extended the channels in
sum of the potential differences around any loop vanishegach screw head completely across the face of the head. The
(Kirchhoff's loop rulg. Next, it is readily shown with Ohm’s screws were then partially screwed into the board. Resistors
law that the vanishing of the net current into a ngl@ch-  were randomly selected from our pool of 0.99%.005 K)
hoff's junction rulg is equivalent to the value of the poten- resistors, and the resistor leads were placed in the channels
tial at that node equaling the average of the values at the fowf the screws and soldered with an iron capable of high tem-
nearest-neighbor nodes. In the relaxation method for a resiperature, because the brass screws acted as heat sinks. Rub-
tive grid, the values of the potentials at the input and outpuber feet were attached to the bottom of the board for use in
nodes are fixed, say, dimensionlessly at 1 ard and the the laboratory. Finally, wire was attached to the back of the
values at all other nodes can be initially set to zero. Thishoard so that it could be conveniently and safely stored by
latter set of values is then continually updated by requiringhanging on a wall. Such a display of an apparatus also serves
that each value equals the average of the four nearesto initiate physics discussions when curious students and
neighbor values, while the values at the input and outpuprofessors first observe it.
nodes remain fixed. We impose the boundary conditions of An alternative apparatus could be constructed with
only three nearest neighbors along the edges, and only twaichrome wire that is looped around posts on a frame such
nearest neighbors at the corners, by implementing “ghost’that a square grid is created. The wire would then be silver-
nodes at adjacent points just outside the grid. The potential &oldered at the overlapping points. We chose the resistor grid
each ghost node is constrained to equal the potential at thaescribed above due to our desire for an accurate experimen-
actual node adjacent to it, so that no current flows. In thidal verification of the theory. However, the nichrome wire
way, all of the actual nodes are conveniently treated in thgrid may be more interesting and appropriate for lecture
same manner; i.e., with each value of the potential beinglemonstrations as well as the educational laboratory.
continually replaced by the average of the four nearest- Resistance measurements were made with a high-
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precision multimeter(Hewlett-Packard 34401A with the An indication that the decrease in current with distance
center node(labeled by the dot in Fig.)2always as one from the terminals of the multimeter is indeed algebraic
terminal. We made the four possible measurements of eadfather than exponential can be dramatically demonstrated
of the side, diagonal, double side, and double diagonal seggith the grid. The multimeter leads are connected across a
ments, and the eight possible measurements of the knight§ge with the center node as one terminal. The resistance
move. Listed in Table Il are the averages and deviationge,ging is noted, and a wire is then used to short a single
(one-half the (_j|fference of the maximum and minimum Val'resistor adjacent to a corner of the grid. Remarkably, the
ues, normalized by the individual resistanceRy  yegistance reading is observed to change, decreasing roughly
=0.995K). As part of an Ohm’s law experiment in the 5ne part in 16.
educational laboratory, a single resistive grid board can be gmploying a short to observe changes in equivalent resis-
easily passed among groups of students during a laboratogynce offers a useful technique for students to probe the grid.
period, because the measurements are quickly performegtor example, consider any two nodes whose perpendicular
Students can also numerically investigate the equivalent reyisector coincides with the line that passes through the ter-
sistances with existing code or softwdfgec. IV). ~ minals of a side or diagonal segment of any length, where
The near identity of the two columns of percentage differ-the origin lies on the line. When these nodes are shorted,
ences in Table Il strongly suggests that the experimental anghere isno change in the equivalent resistance. The two
numerical results agree. The strict test, however, is whethefodes have the same potential as a result of the infinite lattice
the numerical values lie within the experimental means an@;ymmetry, which is preserved by the boundaries of the actual
uncertainties of the means due to the random variations dttice. When the terminals correspond to a knight's move,
the individual resistances. These uncertaintiesnatéhe de-  the situation is more complicated for several reasons. First,
viations in Table Il, which are due to the different possiblethe infinite lattice symmetry is not as obvious as in the other
measurements of the segments in our particular apparatus. tases, although the same condition holds. Second, the bound-
fact, only the final two segments in Table Il have equivalentaries of the actual lattice break the symmetry in this case.
resistance means and deviations that contain the corresporidence, the lack of change of the equivalent resistance of the
ing numerical values. The desired uncertainties can be deteknight's move occurs only if the shorted nodes are not near
mined experimentally or computationally by an ensemble othe boundary of the lattice. Whereas the side and diagonal
apparatus, or analytically by a propagation-of-error formulacases offer students an interesting but straightforward exer-
An experimental ensemble is impractical here, and the derieise in symmetry, the knight's move case is more challeng-
vation of a propagation-of-error formula presents an interesting.
ing but apparently difficult problem for a two-dimensional Finally, it should be noted that the grid of resistors can be
grid of resistors whose values randomly deviate about a conemployed as a lecture demonstration apparatus. Examples of
mon value. We have left this for possible future work. demonstrations are as follows. First, the apparatus serves as
Table Il shows that the finiteness of the grid causes th@n example of a network whose equivalent resistance across
equivalent resistances to be greater than the values for &y two nodes cannot be obtained by a sequence of series
infinite grid, which is expected because the current has fewetnd parallel reductions. In faca 3 by 3grid of identical
paths. However, the deviations from the values of the infinitg€sistors is not completely reducible in this manner, and a 2
grid are surprisingly large if the current or potential distribu-Pby 2 grid of nonidentical resistors is not in general com-
tions decrease exponentially from the terminals as in the cadéetely reducible. Second, the resistance across any two
of the ladder(Sec. I). This suggests that the decrease ishodes can be measured with an ohmmeter, where it should
algebraic rather than exponential, in contrast to the resistof?e pointed out to students that the ohmmeter injects a small
ladder. We confirmed this with our numerical relaxation pro-a@mount of current and displays the ratio of the potential dif-
gram(Sec. IV). The algebraic decrease is reasonable becaudgrence to the current. A physical apparatus helps students
in the continuum limit(sufficiently far from the terminals v!suahze this process. Approxmat'e theoretical equivalent re-
the potential distribution should be that of a dipole. How-Sistances such aR./2 across a side andRg/m across a
ever, this argument is not rigorous because the assumption gfagonal can be verified by measurement. Third, that the
a continuum limit may preclude the possibility of an expo- current distribution of the ohmmeter probes the entire grid

nentially decreasing distribution. A related argument followstan be dramatically demonstrated by shorting a single resis-
from a connection between the rule used in the relaxatiofor far from the terminals, as described above. The effect of

method(Sec. IV) and Laplace potential theory. The rule is shorting other nodes can be observed, and students can be
that the value of the potential at a node is the average of th@sked if there exist pairs of shorted nodes such that the
values of the nearest-neighbor potentials. Consider a twgquivalent resistance does not change, as described above.
dimensional continuum in which there is a potential obeying

Laplace’; equation, and-ar-l imaginary square grjd that COVeRy| CONCLUSIONS

the continuum. In the limit that the grid spacing is small

compared to the change in potential, it is readily shbwn  We have considered the equivalent resistance across a lad-
that the value of the potential at a node of the grid is theder network whose number of loops is incremented, and
average of the values of the nearest-neighbor potentialeicross nodes near the center of a large two-dimensional
which is identical to the rule for a grid of resistors. Hence,square grid. Experiments with these resistor networks offer
the solution for a grid of resistors is expected to be similar tanteresting additions to a standard introductory laboratory ex-
a continuum solution. The argument is not rigorous, how-periment in Ohm’s law, and can be readily performed. The
ever, because the grid problem has the condition that thequare grid can also serve as a lecture demonstration appa-
dimensionless potential values atel at two nodes sepa- ratus.

rated by one or several grid spacings, which violates the As loops are added to the ladder network, the approximate
continuum assumption of slow variation. exponential convergence of the equivalent resistance values

985 Am. J. Phys., Vol. 67, No. 11, November 1999 Denardo, Earwood, and Sazonova 985



to the limiting value is experimentally convenient because aj‘)Undergraduate students. . _
Iarge number of |OOpS is not required. The approximate ex- Edward M. PurceIIEIectr|c_|ty and Magnetismlst ed., Berkeley Ph_y_su:s
ponential decrease in current in successive loops has a congourse'v.ﬂ' Z(Mcf.ra‘fv"?"g Z‘?WhYor':j'. .1963’ P 4.24'h The '”f('j”'ts..
sequence that 1% variations of the individual resistance va|-s§§;"“gg” network is included in this edition but notin the second edition
ues are negligible if successive loops are added to the end Gtgward M. PurcellElectricity and Magnetisg2nd ed., Berkeley Physics
the ladder opposite to the end with the terminals. This allows course-Vol. 2(McGraw-Hill, New York, 1985, pp. 167—168.

a precise analysis of the equivalent resistances extendingp. H. Zemanian, “Infinite electrical networks: A reprise,” IEEE Trans.
over four decades, where the limitation is due to a six-digit Circuits Syst35, 1346-13581988; Armen H. ZemanianTransfiniteness
multimeter. for Graphs, Electrical Networks, and Random WalRB#khauser, Boston,

For ohmmeter terminals near the center of the tWO-“':Il'flze)f.olIowing articles are in the Am. J. Phys. : F. J. van Steenwijk
d:mebns[onﬁl Squhal’de_ gnd’ t?e CuHent dIS_trltl)utIOE. dfcrgases“Equivalent resistors of polyhedral resistive structures56, 90-91
aige ralca} y wit Istance from the termlnas. This _ea sto (1998; D. Thompson, “Resistor networks and irrational numbei&5; 88
small deviations from the theory for equivalent resistances (1997; Harry A. Mavromatis, “Infinite and polygonal capacitor networks:
across nodes of an infinite square grid. The algebraic de-comparison with analogous, Fibonacci sequence related, resistor net-
crease can be dramatically demonstrated by shorting a singlevorks,” 63, 85-86(1995; Satinder S. Sidhu, “Polygons of unequal re-
resistor near a corner of the grid, which causes an observableistors,” 62, 815-816(1994; Robert H. March, “Polygons of resistors
decrease in equivalent resistance across two adjacent node¥d convergent seriesf1, 900-901(1993; T. P. Srinivasan, “Fibonacci
near the center. Shorting any two nodes of the grid offers aseduence, golden ratio, and a network of resistoff),"461-462(1992;

. e . F. J. Bartis, “Let’s analyze the resistance lattic&5, 354—3551967); R.
means of probing the current distribution due to the cohmme-

. . . E. Aitchison, “Resistance between adjacent points of Liebman me&®,”
ter. In particular, if the nodes have the same potential asggg (1964, : P >

diCt_ated by symmetry, there is no change in the equivalentrhe following articles are in Phys. Teach. : Jack Higbie, “Proof of the
resistance. . ) ] R-2R ladder network,”35, 464—465(1997; Bernard Scott, “An intrigu-

The experimental square grid results were confirmed nu- ing problem in equivalent resistance?6, 578—5791988; P. P. Ong, “A
merically by the relaxation method, and alternatively with short-circuit method for networks,21, 459-460(1983; C. H. Wamer,
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BLOCK THAT METAPHOR! PLEASE!

While the student of physics faces a vast body of accepted wisdom to be mastered before the
occasional genius can push the frontier forward, sociology is all frontier. Physics is a string of
nourishing sausages to sociology’s hunk of bleeding flesh, still quivering from the slaughterhouse.

The best thing to be in life is one of that tiny minority who can eat the sausages and grind up
an extra bit of meat for the Nobel prize. But perhaps the second-best thing to be, if you haye the
temperament, is someone trying to get your arms round a big chunk of quivering flesh.

Harry Collins, in a review ofThe Social Animalby Gary Runciman, New Scientist, 14 March 1998.
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