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1 General Background for DCIP3D

1.1 Intr oduction
This manual presentstheoretical background,numerical examples,and explanationfor

implementingthe programlibrary DCIP3D. This suite of algorithms,developedat the UBC-
GeophysicalInversionFacility, is neededto invert DC potentialsand IP responsesover a 3–D
earthstructure.The manualis designedso that a geophysicistwho hasan understandingabout
DC resistivity and InducedPolarizationfield experiments,but who is not necessarilyversedin
the detailsof inversetheory,can usethe codesand invert his or her data.

A typical DC/IP experimentinvolvesinputting a current
�

to the groundandmeasuringthe
potential away from the source. In a time-domainsystemthe currentalternatesthe direction
andhasoff-times betweenthe currentpulsesat which the IP voltagesaremeasured.A typical
time-domainsignatureis shownin Figure1. In thatFigure, ��� is thepotentialthatis measuredin
the absenceof chargeability effects. This is the “instantaneous”valueof the potentialmeasured
when the current is turnedon. In mathematicaltermsthis potential is relatedto the electrical
conductivity � by

����� �	��
 �
� (1)

wherethe forward mappingoperator ��� is definedby the equation

� � ������� ��� ��� ��� � (2)

and appropriateboundary conditions. In equation (2) � is the electrical conductivity in
Siemens/metre(S/m), is thegradientoperator,

�
is thestrengthof theinputcurrentin Amperes,

and
���

is the location of the currentsource. For typical earthstructures� , while positive, can
vary over manyordersof magnitude.The potential ��� in equation(2) is the potentialdueto a
singlecurrent.This is thevaluethatwould bemeasuredin a pole-poleexperiment.If potentials
from pole-dipoleor dipole-dipolesurveysareto begeneratedthentheycanbeobtainedby using
equation(2) and the principle of superposition.

Whentheearthmaterialis chargeablethemeasuredvoltagewill changewith timeandreacha
limit valuewhich is denotedby ��� in Figure1. Therearea multitudeof microscopicpolarization
phenomenawhich collaborateso that this final value is achievedbut all of theseeffectscanbe
consolidatedinto a singlemacroscopicparametercalled“chargeability”. We denotechargeability
by the symbol � . Chargeability is dimensionless,positive,andconfinedto the region 
�� ��!�� .

To carry out forward modellingto compute��� we adoptSiegel’s(1959)formulationwhich
saysthat the effect of a chargeableground is modelledby using the DC resistivity forward
mapping ��� but with the conductivity replacedby �"�#� � ! �$� . Thus

���%� �	� 
&� � ! �$�'� (3)

or � � � ! �$� � � �(� �)� �*� � � � (4)
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Figure 1 Definition of the threepotentialsassociatedwith DC/IP experiments.

TheIP datumcanbeeitherthesecondarypotentialor theapparentchargeability. Theformer
is the differenceof the forward modelledpotentialswith, andwithout, the IP effect:

.�/102.�3 .�4�5
0 6	798;:(<>= ?A@CB 6	798&:DBFE (5)

The apparentchargeability is given by the ratio,

?HGI0 .D/
.�3

0 6	7 8&:(<>= ?A@'B 6�7 8 :
B
6�7 8 :�<>= ?A@'B E (6)

In this definition, the apparentchargeability is dimensionlessand, in the caseof dataacquired
over an earthhaving constantchargeability

?KJ
, we have

?)GL0M?KJ
.

Equations(5) and (6) show that the IP data can be computedby carrying out two DC
resistivity forward modellingswith conductivities

:
and

:�<>= ?$@
. The secondarypotential

is the more generalform of IP data and the apparentchargeability is only definedwhen the
linear (or polar) arraysareusedalonga line on the surfaceor in the sameborehole.Whenthe
currentandpotentialdipole-electrodesarearrangedin 3-D spaceandsotheyarenot aligned,the
total potentialcantakeon positive,zero,or negativevalues.The cross-lineexperimentson the
surfaceandcross-holeexperimenton boreholesareexamplesof suchsituations.Becauseof the
zero-crossingin the total potentials,the commonlyusedapparentchargeability is undefined.In
thesecases,the appropriatedatato measurethe IP effect is the secondarypotential. Therefore,
we will usesecondarypotentialas the basicIP datumexceptin the caseof linear arrays.

The field datafrom a DC/IP surveyarea setof N potentials(ideally
.�4

but usually
.�3

) and
a setof N secondarypotentials

.D/
or a quantitythat is relatedto

.D/
. Thegoalof the inversionist

is to usethesedatato acquirequantitativeinformationaboutthedistributionof the two physical
parametersof interest: conductivity

:�<*NO5>PQ5>R�@
andchargeability

?
<*NO5>PQ5SR)@
.

Thedistributionof conductivityandchargeability in theearthcanbeextremelycomplicated.
Both quantitiesvary as functions of position in 3-D space. In addition, there is often large
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topographicrelief. In this programlibrary, the3-D natureof thephysicalpropertiesandsurface
topographyare fully incorporated.The earthmodel is divided into cuboidalcells eachhaving
a constantvalueof conductivityandchargeability. The surfacetopographyis approximatedby
a piecewiseconstantsurface.

1.2 Forward Modelling
Theforwardmodellingfor theDC potentialsandIP apparentchargeabilitiesis accomplished

usinga finite volumemethod(Dey andMorrison,1979)andapre-conditionedconjugategradient
techniqueto solve Equation(2). The programthat performsthesecalculationsis DCIPF3D.
The DC modelling is performedby a single solution of Equation(2), and the IP modelling is
performedby carryingout two DC forward modellings.The IP dataaregeneratedaccordingto
the operationsindicatedin Equations(5) or (6).

To illustrate the DC resistivity and IP forward modelling algorithm,we generatesynthetic
data that would be acquiredover the 3-D conductivity structureshown in Fig 2. The model
consistsof five rectangularblocksburiedin a uniform halfspace.Threesmallerblocksareplaced
on the surfacewhile two larger blocks are at depth to simulatethe target of the survey. The
blocksS1, S2, andB2 aremoreconductivethan the uniform halfspace;andblocksS3 andB1
are more resistive. All five blocks are chargeable. We have placed7 east-westlines spaced
100–m apart on the surfaceand there are four vertical boreholes. The surfaceexperimentis
carriedout usingpole-dipoledatawith a=50m andn=1, 6, while the boreholeexperimentuses
cross-holepole-dipoleconfigurationwith a 50–m potentialdipole.
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Figure 2 The syntheticmodel consistsof five rectangularblocks in a uniform halfspace.The blocks S1,
S2, andB2 aremoreconductivethan the uniform halfspace;andblocksS3 andB1 aremore resistive. All
five blocks are chargeable. Thereare sevenlines in east-westdirection and they are spaced100 m apart.
Thereare also four boreholesthat extendto a depthof 400 m.
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Figure 3 Examplesof the apparentconductivitypseudo-sectionsalong threeeast-westtraverses.The data
are simulatedfor a pole-dipole array with a=50 m and n=1 to 6 and they have been contaminatedby
independentGaussiannoisewith a standarddeviationequal to 2% of the accuratedatummagnitude.The
pseudo-sectionsaredominatedby thesurfaceresponses,but therearesomeindicationsof theburiedprisms.
The grayscaleshowsthe apparentconductivity in mS/m.
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Figure 4 Examplesof the apparentchargeability pseudo-sectionsalongthreeeast-westtraverses.The data
havebeencontaminatedby independentGaussiannoisewith a standarddeviationequalto 2% of theaccurate
datummagnitudeplus a minimum of 0.001. The samemaskingeffect of near-surfaceprismsobservedin
apparentconductivity pseudo-sectionsis alsopresenthere. The grayscaleshowsthe apparentchargeability
multiplied by 100.
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Figure3 displaystheDC resistivitydatafrom threeselectedlinesfor thesurfaceexperiment.
The dataaredisplayedin pseudo-sectionformat. Note the strongresponsesto the conductivity
anomalieson the surface.They appearaspant-legsextendingfrom small n-spacingall the way
to the largest n-spacing. The buried blocks are hardly identifiablesince their responseshave
low amplitudesandbroaddistributionsandaremaskedby the surfaceanomalies.The apparent
chargeability pseudo-sectionsfrom the samelines areshownin Figure4 (notethat the apparent
chargeability is well-defined in this case). The maskingeffect of the surfaceblocks are also
evident in the IP data. Thus inversion is required.

Since we intend to invert thesedata, we have addedindependentGaussiannoise. The
standarddeviationof the noiseis equalto 2% of the datummagnitudeplus a small thresholdto
dealwith nearzerodata. The effect of the addednoisecanbe seenin Figures3 and4.

1.3 General Methodology for Inverting DC and IP Data
The computerprogramsoutlined in this manualsolve two inverseproblems. In the first

we invert the DC potentials \�] (or equivalently the data in Fig 3) to recover the electrical
conductivity ^(_�`Oa>bQa>c�d . This is a nonlinearinverseproblem that requireslinearizationof the
data equationsand subsequentiteration. Next we invert the IP data in Fig 4 to recoverthe
chargeability e
_*`fa>b
aSc)d . Becausechargeabilitiesare usually small quantities _*ehgjilk�m�d it is
possibleto linearizeequations(5) and(6) andderivea linear systemof equationsto be solved.
Irrespectiveof which datasetis beinginvertedhowever,we basicallyusethesamemethodology
to carry out the inversions.

To outline our methodologyit is convenientto introducea single notation for the “data”
and for the “model”. We let npoq_*r�staSr uva�kwkwkxayr z{d denotethe data,where | is the numberof
data.So r~} could be the ����� potentialin a DC resistivity dataset,or the �*��� secondarypotential
or apparentchargeability in an IP survey. Let the physicalpropertyof interestbe denotedby
the symbol � . The quantity ��} can denotethe conductivity or chargeability for the �*��� cell.
For the inversionwe choose��}�o��w�A^�} when inverting for conductivitiesand ��}�o�e)} when
reconstructingthe chargeability distribution.

The goal of the inversion is to recover a model vector � o _*��s�ay��uvkwkwkxa	����d , where�
is the number of model cells, that acceptablyreproducesthe | observationsn����)�2o

r~�>���s a�r����C�u a�kwkxkwayr����C�z . Importantly, the dataarenoisecontaminatedso we don’t want to fit them
precisely. To do so would ensurethat we do not havethe correctearthmodel. Somefeatures
observedin theconstructedmodelwould assuredlybeartifactsof thenoise.Alternatively, if we
fit the datatoo poorly theninformationaboutthe conductivity that is codedin the datawill not
havebeenrecovered.Our objectivethereforeis neitherto underfit nor overfit the data. Rather,
we want to find a model that reproducesthe dataonly to within an amountthat is justified by
the estimateduncertaintyin the data.To accomplishthis we introducea global misfit criterion

��� o � � r r ���C� u
(7)

where � � is a datum weighting matrix. In this work we shall assumethat the noise con-
taminatingthe ¡���� observationis an uncorrelatedGaussianrandomvariablehaving zero mean
and standarddeviation ¢C£ . As such, an appropriateform for the |�¤�| matrix is �¥� o
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¦~§'¨)© ª�«K¬	­�®9¯x¯w¯w®�ª�«H¬S°
. With this choice, ±³² is the randomvariable distributedas chi-squared

with ´ degreesof freedom. Its expectedvalue is approximatelyequal to ´ and accordingly,
±¶µ² , the target misfit for the inversion,shouldbe aboutthis value.

Earth conductivity distributionsare complex. To allow maximumflexibility to producea
modelof arbitraryshapeit is importantthat · , the numberof cells representingthe model, is
large. In our inversions· will almostalwaysbegreaterthan ´ , thenumberof data.Theinverse
problemthereforereducesto finding a setof · parametersusingonly ´ dataconstraintsunder
the conditionthat · ¸¹´ . Clearly the solutionis nonuniqueandthis nonuniquenessrepresents
the principle obstaclefor obtaining unambiguousinformation about earth structurefrom the
observations.

Any inversionalgorithm(if it works) will producea modelwhich reproducesthe data.But
there are infinitely many possiblemodels. So which one doesthe algorithm produce? It is
not good practiseto let the programmakea randomselection.Rather,a responsibleapproach
is to direct the inversionalgorithm to producea model that is geologically reasonableand is
constrainedby additionalinformation if that information is available.This canbe implemented
by formulating a “model objective function” which, when minimized, producesa model with
desirablecharacteristics.The critical aspectof the inversion is thereforeto form the model
objective function which we characterizeby ±�º . To do this, the inversionistmust ask the
question“what type of model is desired?”.Shouldthe modelbe smooth,shouldit be blocky?
Is therea referenceor backgroundmodelthat the constructedmodelshouldemulate?If thereis
a referencemodel, is it betterknown in someplacesthanothersso that the constructedmodel
shouldbecloseto thereferencemodelin certainlocationsbutcanit departfrom ourpreconceived
ideasin otherareas?Whatevertheanswerto thesequestions,aguidingphilosophyshouldalways
beto find a modelwhich (in somesense)is “as simpleaspossible”.Thenonuniquenessinherent
in the inversiongenerallymeansthatwe cangeneratemodelswhich arearbitrarily complicated.
We cannothowever,make models that are arbitrarily simple. For examplea halfspacewill
generallynot reproducedataacquiredfrom a geophysicalsurvey.

In theinversionalgorithmsin DCIP3Dour choicefor theobjectivefunction ±�º is guidedby
a desireto find a modelwhich hasminimum structurein the vertical andhorizontaldirections
and at the sametime is close to a referencemodel »�¼ . To accomplishthis we minimize a
discretizedapproximationto

±�º¾½*» ® »�¼�¿�À�Á³Â ÃÄÂ�½*» »�¼�¿�Å ¦~ÆIÇ ÁfÈ ÃÄÈ
É ½�» »�¼�¿É�Ê Å�¦~ÆAÇ

Á�Ë Ã1Ë
É ½�» »�¼�¿É�Ì Å�¦ ÆIÇ Á³Í ÃÄÍ

É ½�» »�¼�¿ÉQÎ Å	¦ Æ�¯ (8)

In equation(8) thefunctions ÃÏÂ ® Ã1È ® ÃÄË ® ÃÄÍ arespecifiedby theuserandtheconstantÁ³Â controls
the importanceof closenessof the constructedmodel to the referencemodel » ¼ . Á È ® Á Ë ® Á Í
control the roughnessof the model in the three directions. We can define a length scale in
eachdirectionas Ð(È�À Á�È « Á³Â ® Ð(ËIÀ Á�Ë « Á³Â ® Ð�Í%À Á³Í « Á³Â . The greaterthe lengthscale
is in eachdirection, the smootheris the model. Varying thesescalesallows the construction
of modelsthat are smoother,thus more elongated,in either

Ê
-,

Ì
-, or

Î
-direction. To obtain
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a reasonablysmoothmodel, the length scaleshould be no less than two cell widths. Given
that we alwayswork with a finite model domain,the length scalesshouldbe smallerthan the
respectivedimensionof the model region.

The discreteform of equation(8) is

ÑÓÒpÔ#Õ'Ö ÖØ× Ù'Ú Û³ÜSÝ ÚÜ ÝÞÜ³ßàÛ�áKÝ Úá Ý¥áâßàÛ�ã9Ý Úã Ý¥ã1ßàÛ³ä�Ý Úä ÝÞä Õ'Ö ÖØ× Ù
Õ'Ö Ö × Ù Ú Ý Úå Ý å Õ'Ö Ö × Ù	æ (9)

The matrices
Ý Ü�ç Ý álç Ý ã�çéèHê�ë Ý ä

are formed by finite differenceapproximationof the
integrals in eq.(8).

The inverseproblemis now properly formulatedasan optimizationproblem:

ìéí ê íwì�íïîtð ÑÓñòßôó�Ñ Ò
õSöA÷�ø�ð�ùSú�úSû Ñ ñ ÔüÑ¶ýñ (10)

Appropriate techniquescan be employed to carry out the minimization and the minimizerÖ
yields the model we are seeking. For DC resistivity and IP inversionswe use different

minimization techniquesthat will be discussedin the following sections. In addition, we also
imposepositivity in the IP inversionto ensurethat the recoveredchargeability is positive.

1.4 Inversion of DC Resistivity Data
The programlibrary DCIP3D providestwo DC resistivity inversion programs. The first,

DCINV3D, is baseduponaGauss-Newtonmethodof minimizationthatrequiresthelinearization
of thedataequationsandtheminimizationis carriedout iteratively. This programcanbeusedto
performrigorousinversionof theDC resistivitydataif the interpretationbasedon therecovered
conductivitymodelis requiredor if theinversionof IP datarequiresthebestpossiblebackground
conductivityfor calculatingthesensitivitymatrix. Thesecondprogram,DCAIM3D, usesa Born
approximateinversionandan AIM-MS updateto performthe inversioniteratively. This canbe
usedfor a first order interpretationof the DC resistivity data,and more importantly, it can be
usedto inexpensivelygeneratea goodapproximationto the backgroundconductivitymodel for
IP inversion. We briefly describeboth approachesbelow.

Gauss-Newtonmethod

The inversionof DC resistivity dataformulatedas the minimization in eq.(10)is nonlinear
sincethedatado not dependlinearly upontheconductivitymodel. We tacklethis problemusing
a Gauss-Newtonapproachin which the objectivefunction is linearizedabouta currentmodel,þ�ÿ�� � , anda modelperturbationis solvedfor andusedto updatethe currentmodel. Substitutingþ ÿ������ � Ô þ ÿ�� � ß�� þ into the objectivefunction in eq.(10),

Ñ�Õ þ ß	� þ Ù(Ô Ý ñ 
 ÿ�� � ß
��� þ 
���� Ü � ßôó Ý Ò Õ þ ß�� þ þ�� Ù � ß�� æ��Læ��Ïæ
(11)
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where � is the sensitivity matrix and the element � �"! quantifiesthe influenceof the model
changein jth cell on the ith datum,

� �#!%$
&�' �&)( ! $

&+* �&%,.-0/ !+1 (12)

Neglectingthe higherordertermsandsettingto zerothe derivativewith respectto 2 ( yields,

�435�+687)9:3; 9 ; 2 ( $ �<3 '<=�>�? 'A@�BDC 7�9E3; 9 ; (F=.>G? (IH
1 (13)

Here we assumethat the matrix 9:J has beenabsorbedinto the sensitivity matrix and data
vectors. This is the basicequationthat is solved to obtain the model perturbation. The new
model is then generatedby:

( =.>GK5LD? $ ( =.>G? 6	M52 (ON
(14)

where M PRQ NTSVU limits the stepsizeand is chosento ensurethat the total objective function
is reduced.

The major computationaleffort in this approachincludesthe calculationof the sensitivity
matrix, solutionof thebasiclinearizedequation(13), andthechoiceof regularizationparameter
7 . The sensitivity is computedusingthe standardadjoint equationapproach.The equation(13)
is solvedusing a pre-conditionedconjugategradienttechnique,in which the sensitivity matrix
� is appliedto vectorsby sparsemultiplications in the waveletdomainafter it is compressed
using fast wavelet transform. Sincethe waveletcompressionis usedthroughoutthe DCIP3D
Library, we will discussit in a later section. In the following, we discussthe approachesfor
choosingthe regularizationparameter7 .

Choice of regularization parameter for Gauss-Newtoninversion

The choice of the regularizationparameter7 in the DC resistivity inversion ultimately
dependsupon the magnitudeof the error associatedwith the data. The inversion of noisier
datarequiresheavierregularization,thusa greatervalueof 7 is required.Sincethe inversionof
DC resistivitydatais nonlinear,we alsoneedto avoid thepossibility of gettingtrappedin some
local minimum. We havedevelopedtwo strategiesto accomplishthis in theprogramDCINV3D.
We discusstheir implementationsin this section.

If the standarddeviationassociatedwith eachdatumis known, then the datamisfit defined
by eq.(7)hasa known expectedvalue WYXJ , which is equalto the numberof datawhenthe errors
areassumedto be independentGaussiannoisewith zeromean.The valueof 7 shouldbe such
that the expectedmisfit is achieved. This entailsa line searchbasedon the misfit curve as a
functionof 7 . Becauseof thecomputationalexpenseassociatedwith the inversion,we generally
cannotafford to performthe line searchby carryingout completesolutionsfor a seriesof 7 ’s.
Instead,we start with a sufficiently large value of 7 that reducesthe initial misfit by a small
fraction. We thenreduce7 by a fixed factor andperformoneor two Gauss-Newtonupdatesfor
eachvalue in the decreasingsequence.Sincethe sequencestartswith a large 7 that leadsto
strongerregularization,the Gauss-Newtonstepsbring the model closeto the final solution for
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that Z . Sincetheregularizationparameteris decreasedslowly, it is reasonableto assumethat the
subsequentmodelsproducedby performingoneor two Gauss-Newtoniterationsat the reduced
valueof Z would alsobecloseto thecorrespondingsolution. This sequencehelpsdeterminethe
rangeof theoptimumvalueof Z . Oncetherangeis established,full minimizationsareperformed
to convergencefor a few different valuesof Z to determinethe optimal value. For eachvalue
of Z in this final stage,the conductivity model from a nearbyvalue is usedas initial model
so the computationalexpenseis greatly reduced. This strategyis implementedin DCINV3D
as the first methodfor choosingthe regularizationparameter. The user needsto specify the
target misfit value.

In practicalapplications,theestimateof dataerror is oftennot available.Thenthedegreeof
regularization,hencetheoptimalvalueof Z , needsto bedeterminedbasedon othercriteria. The
L-curve criterion is often usedin linear inverseproblemsto estimatean optimumregularization
parameter.It is a heuristicmethodbasedupontherelationbetweenthemodelobjectivefunction
anddatamisfit. The underlyingpremiseis the following observationof the Tikhonov curvefor
the linear inverseproblem. As Z decreases,the datamisfit decreasesand the model objective
function increases. Initially the rapid decreasein misfit is accompaniedby a slow increase
in model objective function. Beyonda certainpoint, however,minor reductionin datamisfit
is achievedonly by a large increasein the model objective function. This indicatesthat the
inversionis havingdifficulties in fitting the noisier featuresin the dataandexcessivestructure
is introduced.When plotted on a log-log scale,the Tikhonov curve appearsL-shapedandhas
a sharpcorner. The cornerpoint representsthe onsetof the rapid increasein model objective
function, and it thereforerepresentsthe point wherethe optimum misfit is achieved.We have
adoptedthis criterion in the nonlinearinversion of DC resistivity data. Each iteration of the
inversionsolvesa linearizedinverseproblemgiven in eq.(13),andthe “error” in the linearized
data, []\_^�\a`�bGc \AdfeRg , encapsulatesboth the actualerror in the original dataandthe error due
to the linearization.Applying the L-curvecriterion to the linearizedproblemat eachiterationis
expectedto yield anoptimumvalueof theregularizationparameterZ for thatparticulariteration,
and the resultingmodel perturbationhGi is limited in structuralcomplexity and gives a good
direction to updatethe model. As the solution approachesconvergence,the linearizationerror
becomessmall and lessinfluential, and the estimatedZ shouldconverge to the optimum value
thatis appropriatefor theactualnoisein thedata.Thisapproachworkswell whenthedatahavea
reasonablygoodcoverageoverthemodelarea.In which casethedataexertsufficient constraints
on the model so that the noisein the datais not easily reproducedby a simple structure.The
L-curve criterion cangreatlyunder-estimatethe noisewhenvery sparselydistributeddata,such
as thosecollectedalong one or severalwidely separatedlines, are inverted. Nevertheless,it
offersaneffectiveapproachfor determiningthedegreeof regularizationin mostcasesfor which
theDCIP3D library is intended.Therefore,we haveimplementedit asoneof threemethodsfor
choosingthe regularizationparameterin DCINV3D.

Figure 5 illustratesthe structureof the programDCINV3D. It hasthreeoptionsfor deter-
mining the regularizationparameters.The controlling parameteris mode. When iIj�\Akl^nm , the
line searchbasedon a known target valueof datamisfit is used. The regularizationparameter
is reducedgraduallyandseveralsolutionsfor differentvaluesof Z aretestedto obtainonethat
producesthe target misfit. When ioj�\4k%^qp , the userspecifies a regularizationparameteranda

9
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Figure 5 Flow chartillustratingthesolutionof the3D DC resistivity inversionby DCINV3D usingdifferent
strategiesfor choosingthe regularizationparameter.

singlesolutionis produced.When yIzG{A|%}�~ , theprogramusestheL-curvecriterion to estimate
the optimum regularizationparameter.

AIM inversion

Given an approximatemethod by which to invert DC resistivity data, it is possibleto
iteratively updatethe conductivity model by using the approximateinverse mapping (AIM)
formalism(Oldenburg andEllis, 1991)suchthat a final modelreproducingthe 3D observations
is constructed.TheAIM inversionrequiresonly oneforwardmodellingandonelinear inverseat
eachiterationandthereforeis computationallyveryefficient. Furthermore,wehaveobservedthat
the mostmisfit reductionis achievedwithin the first two to threeiterations(Li andOldenburg,
1994). Thus, by performing only a limited numberof AIM updates,we can obtain a good
conductivitymodel for usein preliminary interpretationor in the IP inversion.

Our approximateinversemappingis a linearizedinversion which usessensitivity from a
conductivity. This is identical to carryingout the first iterationof the Gauss-Newtoninversion
(seepreceedingsection)and the equationto be solvedis�<�5���8�������:� � y�} �<� {�� { ���:�� �:� yo� y�� (15)
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where ��� is the backgroundconductivity, ��� is the predicteddata, and � is the data to be
inverted.The sensitivity � is calculatedusing � � andis storedfor usethroughoutthe inversion
(which can also be compressedusing the wavelet transformfor numericalefficiency). Note
that unlike Gauss-Newtoniterations,the sensitivity matrix is not updated. The regularization
parameter� is chosenaccordingto the errorsin the observeddataby usinga L-curve criterion.
The approximatemodel is given by �� ��� ����� � . This can be symbolically written as the
approximateinversemapping ����� ���%� �� .

The AIM iterationsproceedasfollows. Let � � �R¡ be the observeddataandlet �£¢�¤ ¥ and �<¢.¤G¥
be themodelandpredicteddataat then’ th iteration. The applicationof the approximateinverse
mappingto the observedand predicteddatayields respectively

�� � �D¡ � ��� � � �D¡ ¦
�� ¢.¤G¥ � ��� � ¢.¤G¥ § (16)

The updatedmodel �F¢.¤G¨��D¥ is given by

� ¢©¤G¨��D¥ ��� ¢�¤G¥ � �� � �D¡ �� ¢.¤G¥ § (17)

The iteration startswith an initial model which can be suppliedby ��I� �D¡ .
The AIM algorithm implementedin DCAIM3D useseither a user-suppliedmodel or, by

default, the best-fitting constantmodel as �o� . The user can allow the programto iterate to
convergenceor limit the numberof iterationsso an intermediateapproximationis obtained.
For the purposeof generatinga conductivitymodel for IP inversion,threeto five iterationsare
usually sufficient.

Example of DC Resistivity Inversion

Theinversionof theapparentconductivitydataincludingthoseshownin Figure3 arecarried
out usingthe programDCINV3D. The dataarecollectedusingpole-dipolearrayswith a=50m
andn=1 to 6. A total of 1,386observationsareinverted.Thesamemeshfor forwardmodelling
is usedin the inversion,andthe conductivityvaluein 15,548cells is found so that the potential
data are adequatelyfit. Since we addedthe noise to the data, we use the known valuesof
the standarddeviationsin the inversion. The appropriatevalue for the expecteddatamisfit isª¬«­ �:® ¦V¯�°²± . Thus we haverun the programusing mode=1.

The model objectivefunction is that given in eq.(8). The referencemodel hasa constant
conductivityof 1mS/m,andthe coefficientsareset to ³ ¡ �µ´ § ´ ´ ´4® ¦·¶G¸a¹ ³»º¼��³�½¾��³�¿8�À® § ´ .
This correspondsto a lengthscaleof 100m in all threedirections.The initial modelis identical
to the referencemodel. We havealso usedDaubechies-4waveletto perform the compression
of sensitivitymatrix with a relative thresholdof 0.002. An averagecompressionratio of about
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20 was achieved,which leadsto the samefactor of reductionin CPU time requiredto solve
the linearizedequations.

The inversiontook 10 iterationsto converge. The recoveredmodel is shownin two plan-
sectionsandonecross-sectionin Figure6. The recoveredmodelcomparesfavourablywith the
true model. The surfaceblocks are well resolved,and there is little excessivestructureaway
from thetheseblocks. Theburiedconductiveprismis clearlyvisible andis placedat thecorrect
location. There is also indication of the presenceof the buried resistiveprism, but it appears
to be smoothedout muchmore. The decreasein resolutionat depthis expectedsincewe only
havedataof limited array separationfrom the surface.

N=475
Á

 Z=20

Z=180

(mS/m)

Figure 6 The conductivitymodel recoveredfrom inversionof surfacedatausinga Gauss-Newtonmethod.
The model is shown in one cross-sectionand two plan-sections. The positions of the true prisms are
indicatedby the white lines.
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1.5 Inversion of IP data
To invert the IP data in Fig 4b we first linearize equation(5). Let Â Ã and Ä<Ã denotethe

chargeability and electricalconductivity of the ÅÇÆÇÈ cell. Linearizing the potential ÉaÊ aboutthe
conductivity model Ä yields

É�Ê8ËÌÉ�ÍÎÄ Â4Ä+Ï�ËÌÉ�ÍÇÄ�Ï
Ð
ÑVÒ�Ó

Ô ÉÔ Ä Ñ Â Ñ Ä ÑYÕ
ÖØ×#ÙÚ×ÜÛ0× (18)

Substitutinginto equation(5) yields

ÉaÝÞË�É�Ê É�ß
Ë

Ð
ÑàÒ5Ó

Ô ÉÔ Ä Ñ Â Ñ Ä ÑáÕ�Öâ×"ÙÚ×ÜÛ�× (19)

This can be approximatelywritten as

É)ÝYË Ñ Ä Ñ
Ô ÉÔ Ä Ñ Â Ñ Ë Ñ

Ô ÉÔ�ã©ä Ä Ñ Â Ñ²× (20)

Whenapparentchargeability is usedas the IP data,substitutingthe aboveequationinto eq.(6)
yields,

Â²å%Ë Ñ
Ä Ñ
É�Ã

Ô É�ÃÔ Ä Ñ Â Ñ Ë Ñ
Ôlã�ä ÉÔ%ã.ä Ä Ñ Â Ñ²× (21)

Thus the Å ÆæÈ datum(eithersecondarypotentialor apparentchargeability) is expressedas

ç Ã�Ë
Ð
ÑèÒ5Ó

é Ã Ñ Â Ñ (22)

where

é Ã Ñ Ë
êìëGíïî ßñðê�ò#ó ßõô<ö ç Ë�É)Ý
ê�ò#óñë í î ßìðê�ò#ó ßTôOö ç Ë÷Â å

(23)

is the sensitivity matrix. Our inverseproblemis formulatedas:

ø_ù ä ù.øúùïûTü ý�þ Ë ÿ��ÚÍÎÂ Â���Ï ����	��
 ü
������� ÿ���Í���Â ç Ï � Ë ý���
Â �

(24)

where ý �� is a target misfit. Again, for easeof future notation we incorporatethe diagonal
weighting matrix into � and

ç
. In practisethe true conductivity Ä is not known and so we

must usethe conductivity found from the inversionof the DC resistivity datato constructthe
sensitivity matrix elementsin equation(23).
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Solution by logarithmic barrier method

The functional in equation(24) can be minimized directly but we need to ensurethat
the recoveredchargeability is positive. In the inversion of the DC potentialsto recover the
conductivity we ensuredpositivity by working with ����� as the model in the inversion and
applyingthemodelnormto thatquantity. Thatwasnaturalsinceconductivityvariesover many
ordersof magnitudeand it is the variationof conductivity that is diagnosticof earthstructure.
Intrinsic chargeability is confinedto the region[0,1). Moreover,we arenot generallyinterested
in the variationof chargeability in the rangebetweenzeroandsomesmall number(e.g. 0.01).
Working with logarithmic valueshowever,puts undueemphasison thesesmall values. An
efficientmethodby whichto solvethelinearinverseproblemwith positivity constraintsis through
the useof logarithmicbarriermethod,in which the minimizationis performedby a sequenceof
minimizationsthatincludesa logarithmictermto ensurethateachiterationgeneratesamodelthat
is positive. The detailsof the IP inversionalgorithmcanbe found in Li andOldenburg (1999).

In the logarithmicbarriermethod,the positivity constraintis implementedasa logarithmic
barrier term. For generality,we also imposean upperbound, � , on the chargeability model,
which could be either the maximumvalueof chargeability to be expectedfrom the given data
setor the theoreticalupperboundof 1.0. The new objectivefunction is given by,

�! #"%$'&(�*)�+-,.�*/ 01" 2
35476 �8� 9 3�

+ 2
3�4!6 �:� ; 9 3� < (25)

where
"

is the barrier parameter,and the regularizationparameter
,

is fixed during the
minimization. As the namesuggests,the logarithmic barrier term forms a barrier along the
boundariesof thefeasibledomainandpreventstheminimizationfrom crossingoverto theregion
wherethe model is negativeor abovethe maximumvalue. The methodsolvesa sequenceof
nonlinearminimizationswith decreasing

"
and,as

"
approacheszero,the sequenceof solutions

approachthe model that minimizesour global objectivefunction = ) +>, = / .

The above methodologyprovides a framework for solving 3D IP inversion. The basic
componentsare the forward modelling basedon the linearizedequations,a model objective
function, a datamisfit function, a regularizationparameterthat ultimately determineshow well
thedatawill befit, andthe logarithmicbarriermethodto obtainthesolutionwith positivity. It is
not necessaryto elaborateon detailsof thealgorithm. However,in orderto usetheinversion,the
userneedsto understandthe basicstrategiesfor choosingthe regularizationparameters.Below,
we discussthe two strategiesimplementedin IPINV3D.

Choice of regularization parameter in IP inversion

The choiceof the regularizationparameter
,

ultimately dependsuponthe magnitudeof the
errorassociatedwith thedata.The inversionof noisierdatarequiresheavierregularization,thus
a greatervalueof

,
is required.In this section,we discussthe variousimplementationsfor the

choice of
,

in the programIPINV3D.

If the standarddeviationassociatedwith eachdatumis known, then the datamisfit defined
by eq.(7)hasa known expectedvalue =�?) , which is equalto the numberof datawhenthe errors
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Figure 7 Flow chart illustrating the solutionof the 3D IP inversionby IPINV3D usingdifferentstrategies
for choosingthe regularizationparameter.

areassumedto be independentGaussiannoisewith zeromean.The valueof D shouldbe such
that the expectedmisfit is achieved. This entailsa line searchbasedon the misfit curve as a
function of D . Becauseof the positivity constraint,our problemis nonlinear.Thusfor each D a
nonlinearsolutionusinga logarithmicbarriermethodmustbe obtained.We havedevelopedan
efficient two-stepapproachto the line search.The first steplocatesthe neighbourhoodof the
optimumvalueof D basedon a few approximatesolutionsof theinversionwithout positivity, and
thesecondstepcompletesthe linearsearchrigorouslyby solving a small numberof logarithmic
barrier minimizations. Eachminimization is warm-startedby using an existing solution as the
initial model. Theline searchusingthis strategyis oftensuccessfulin reachingthetarget EGFH after
testingtwo to four valuesof D . This strategyis implementedin IPINV3D as the first method
for choosingthe regularizationparameter.The userneedsto specify the target misfit value.

In practicalapplicationsthe estimateof dataerror is often not available. Then the degree
of regularization,hencethe value of D , needsto be determinedbasedon other criteria. A
commonly usedmethodin linear inverseproblemsis the generalizedcross-validation(GCV)
technique.The useof GCV in inverseproblemswith inequalityconstraintssuchaspositivity is
far moreinvolvedandnumericallyexpensiveto implement.However,applyingGCV on the3D
IP inversionwithout positivity still producesa reasonableestimateof the dataerror. That error
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canserveasa startingpoint for further adjustmentby the userbasedon his or her judgement.
Sinceno other information is assumed,we havechosento usethe value of I obtainedin this
mannerdirectly in the final inversion,which has the positivity and upperbound imposed. In
this case,only one logarithmic barrier solution is needed.Numerical testshaveindicatedthat
this simplistic useof GCV is quite effective. The reasonis that the solutionswith, andwithout,
the positivity constraintarevery similar andthe error estimatein the absenceof positivity is a
goodrepresentation.IPINV3D hasimplementedthis approachasthe third methodfor choosing
the regularizationparameter.

Figure7 illustratesthestructureof theprogramIPINV3D. It hasthreeoptionsfor determining
the regularizationparameters.The controlling parameteris mode. When JLKNMPORQTS , the line
searchbasedon known target valueof datamisfit is used.Two stages,asdiscussedabove,are
usedandseveralsolutionsfor differentvaluesof I mustbetestedto obtainonethatproducesthe
targetmisfit. When JUKVMWOXQZY , theuserspecifiesa regularizationparameteranda singlesolution
is produced.When JLKVM�OXQ([ , theprogramfirst performsGCV analysison theinversionwithout
positivity and then usesthe resultantvalue of I in the final inversion.

Example of IP Inversion

We now show an exampleof IP inversionusing the surfacedata from the sameexample
using IPINV3D. Three of the pseudo-sectionsare shown in Figure 8. The pseudo-sections
are dominatedby the responsesdue to the near-surfacechargeabilities, and there are only
subtle indicationsof the presenceof the buried chargeablebodies. As in the DC resistivity
inversion,therearea total of 1,386observationsfrom pole-dipolearrays,andthe meshconsists
of 15,596cells whosechargeability valuesare to be recovered.Whenusing the known values
of the standarddeviationsin the inversion,the appropriatevaluefor the expecteddatamisfit is\G]^ Q_S1`a[�b�c . Thus we haverun the programIPINV3D using mode=1.

Themodelobjectivefunction is similar to thatusedin theDC resistivity inversion,in which
thecoefficientsaresetto d!efQhgWijg1g�g�S1`GkNl*mnd!onQpd!qrQhd!sXQtS�iug . We haveuseda zeroreference
modelfor thechargeability. The sensitivityis calculatedusingthe conductivitymodelshownin
Figure 6 and the samewaveletcompressionhasbeenapplied.

The recoveredmodel is shown in two plan-sectionsand one cross-sectionin Figure 8.
The recoveredmodel offers a good representationof the true chargeability distribution. The
surfaceblocksarewell resolved,andthereareno significantchargeabilitiesawayfrom theinitial
chargeableprisms. The buriedchargeableprismsarevisible. However,the separationbetween
themarenot well resolvedandthemodelappearsto bediffusedat depthin general.Again, this
is becauseonly surfacedata are available.
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N=475
Á

 Z=20

Z=180

(%)

Figure 8 The chargeability model recoveredfrom inversion of surfacedata. The conductivity from the
full 3D DC inversionis usedto calculatesensitivities.The positionof the true prismsare indicatedby the
white lines.

1.6 Compressionof Sensitivity matrix
Both DC resistivity andIP inversionsinvolve a large densesensitivitymatrix. Sincewe are

facedwith 3D problems,this matrix can becomevery costly to storeand to apply to a vector
during the inversion.We adoptour waveletcompressionmethoddevelopedin the 3D magnetic
inversionto DCIP3Dprograms.In this methodwe form a sparserepresentationof thesensitivity
matrixusingawavelettransformbasedoncompactlysupported,orthonormalwavelets.Formore
details, the usersare referredto Li and Oldenburg (1997). In the following, we give a brief
descriptionof the method. Understandingof this material is necessaryfor anyonewanting to
use the DCIP3D library.

Eachrow of the sensitivity matrix in a 3D inversioncan be treatedas a 3D imageand a
3D wavelet transformcan be applied to it. By the propertiesof the wavelet transform,most
transformcoefficientsarenearlyor identicallyzero. Whenthecoefficientswith smallmagnitude
arediscarded(the processof thresholding),the remainingcoefficientsstill containmuchof the
necessaryinformationto reconstructthe sensitivityaccurately.Theseretainedcoefficients form
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a sparserepresentationof the sensitivity in the waveletdomain. The needto storeonly these
large coefficientsmeansthat the memoryrequirementis reduced.Further,the multiplication of
thesensitivitywith a vectorcanbecarriedout by a sparsemultiplication in thewaveletdomain.
This greatly reducesthe CPU time. Sincethe matrix-vectormultiplication constitutesthe core
computationof the inversion,theCPUtime for the inversesolutionis reducedaccordingly.The
useof this approachincreasesthe sizeof solvableproblemsby nearlytwo ordersof magnitude.

Let v be the sensitivity matrix, and be the symbolic matrix-representationof the 3D
wavelet transform. Then applying the transformto eachrow of v and forming a new matrix
consistingof rows of transformedsensitivity is equivalentto the following operation,

wvyxzv {G| (26)

where
wv is called the transformedmatrix. The thresholdingis appliedto individual rows of

wv
by the following rule to form the sparserepresentation

wv*} ,
w~ }�u� x

w~ �u��� w~ �u� ���
� � w~ �u� �-���

� � x�� � � (27)

where ��� is the thresholdlevel, and
w~ �j� and

w~ }�u� arethe elementsof
wv and

wv } , respectively.

The thresholdlevels ��� aredeterminedaccordingto the allowableerror of the reconstructed
sensitivity,which is measuredby, � ��������� , which is the ratio of the norm of the error in eachrow
to the norm of that row. It can be evaluateddirectly in the waveletdomainby the following
expression:

� �������#� x
���� � �����

w~%��j�

�
w~ ��u� � � xt� � ��� | (28)

Here the numeratoris the norm of the discardedcoefficients. For eachrow we could choose��� suchthat � ��������� x(�V� , where �1� is the prescribedreconstructionaccuracy.However,this is a
costly process.Instead,we choosea row, ��� , correspondingto a datumnearestthe meshcentre,
to be a representativerow, and calculatethe thresholdlevel ���:� usingeq.(28)anda prescribed
valueof �1� . This thresholdis then usedto definea relative threshold �Xx ��� �5 ¢¡�£¥¤� w~ � � � . The

absolutethresholdlevel for eachrow is obtainedby

��� x(� ¡�£
¤� w~ �j� � � xt� � ��� | (29)

This compressionprocedureis implementedin threeprogramsin theDCIP3D library. They
are DCINV3D, DCAIM3D, and IPSEN3D.The userneedsto specify the relative error �1� and
the programwill determinethe relative thresholdlevel � . Usually a value less than 0.05 is
appropriatefor �1� . For experiencedusers,theprogramalsoallowsthedirect input of therelative
thresholdlevel � . A conservativechoiceof � would be 0.001,which will ensurea satisfactory
reconstructionaccuracyandstill producea reasonablylarge compressionratio.
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DCIP3D 2.0: Technical Addendum 5

be activated. If the source electrode is along an edge then the current is distributed between

two nodes, and if the source electrode is at a corner of the prism, then only one node is

activated. If potential electrodes are not on the nodes thenfields are linearly interpolated.

As an example we model a halfspace in which the cell size is 50 mand a current is injected

at the surface in the center of the cell. Potentials are obtained on a 25 m grid. Apparent

resistivities should equal 100Ohm−m, which is the true halfspace value. The results are

shown in Figure 3a. Errors up to 25% are observed at locationsthat are 25 m (1/2 cell) from

each of the four corners where the distributed current is input. At distances 50 m (one cell

width) the error has dropped to about 7%. These are expected results and are in accordance

with testing using Version 1.0. In Figure 3b the apparent resistivities for a current on a

nodal location are plotted. At a distance of 50 m from the current, the error is less than 5%

if we’re on a node. The errors increase somewhat between distances of one and two cells.

We conclude that for numerical accuracies of about 5% or less, the observation should be

at least one cell width away from the location of a current electrode.
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(b) Pyramid model cross-section

Figure 4: Pyramid model used for forward modeling and inversion results

As a further example of forward modelling, we consider the pyramid model which was
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one of the test examples used for Version 1.0. Figure 4 shows aconductive prism buried

beneath a topographic high. A pole-dipole survey with 50 m dipoles was simulated and the

apparent resistivity for a line data across the center of thepyramid is shown in Figure 5.

Figure 5a shows the result with current electrodes in the centers of cells. It is to be com-

pared with 5b where the currents are at nodes. The two pseudosections are very similar.

Difference occur primarily because the experiments are notidentical. The pole-dipole data

in Figure 5a correspond ton = 1.5,6.5 while in Figure 5b the data aren = 1,6. The two

pseudosections should be slightly shifted vertically withrespect to each other. This is ob-

served.

With the above tests, and others that we have carried out, we conclude that the alter-

ations to the forward modelling to distribute currents among the nodes associated with the

cell in which the true current resides, is working properly.We next look at an example for

the inverse problem.

2.1 Inversion with DCIP3D Version 2.0

The inversion methodology presented in Version 1.0 has not been altered. The important

changes for Version 2.0 are concerned with optimizing numerical computations. The major

items include: no longer having to store the sensitivity matrix dcinv3d.mtx, and optimiz-

ing the way in which reciprocity is used in developing the sensitivity matrix. Generally, if

the same electrode location is used more than once in a data file, its solution is stored for

future use. These changes have no impact upon the final solution obtained by the inversion

algorithm. Discussion of these, and some additional minor changes, are incorporated in

the revised manual. In what follows, we focus upon the major implications of having the

electrodes off of the nodal positions.
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(a) Forward model with electrodes on nodes
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(b) Forward model with electrodes on cell centers

Figure 5: Forward model of the pyramid example with both current and potential

electrodes on cell nodes.

The test example for inversion will be the pyramid example shown in Figure 4. This

example has 15,548 cells, with the smallest cell dimension of (50,50,25). 10 lines of pole-

dipole data were collected above the prism, with 50 m dipoles, andn = 1,6. The currents

were on the surface but at the mid-point of the cell. Gaussianrandom errors of 5% + 0.0001

were added to the data. The model, recovered after 15 iterations, fit the data to the expected

misfit. A plot of the resistivities of the surface cells, and across-section of the recovered

model, are shown in Figure 6.

To compare, we carry out the same inversion but with data generated by having currents
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(b) Cross section of recovered model

Figure 6: Inversion of the pyramid model. Both current and potential electrodes

are placed at cell centers.

at the nodal locations. Gaussian noise (5% + 0.0001) was added and the data inverted. The

surface cells and cross-section through the model are shownin Figure 7.

One characteristic of the inversion, irrespective of whether currents are on or off the

nodes is that the model exhibits rough structure at the surface (or more generally, at current

and potential electrode locations). The reason for this lies in the sensitivity values. The

sensitivities for the DC resistivity (or IP problem) are highest at the location of an electrode

(either a current or potential electrode). Changing the conductivity at a location closest to

the electrode makes the greatest change in the measured datum and hence that is the pref-

erential location to add conductivity. This effect is well understood and a number of GIF

software programs have incorporated ways to ameliorate this "electrode" artefact.
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Figure 7: Inversion of the pyramid model. Both current and potential electrodes

are placed on cell nodes.

In Figure 8a we plot the sensitivity due to a current at a nodallocation and for a potential

field value at a distance of 300 m from the current. This is a rough function which exhibits

sign changes at the location of both electrodes. In the inverse problem the conductivity

perturbation is made up of a linear combination of these sensitivities. This is one of the

fundamental reasons why the first layer of surface cells often has considerable "chatter". In

Version 2.0 we distribute the true current amongst neighboring electrodes and hence there

is a superposition of the sensitivities shown in Figure 8a. In the case that the true current

is in the center of the cell the sensitivity due to the modelled distributed currents, is that

shown in Figure 8b.

One way to ameliorate the structure caused by electrode sensitivities is to introduce a

weighting that penalizes structure very near to the electrode. Weighting schemes ([1], [2],
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Figure 8: Sensitivities calculated by placing the current electrode at a cell node,

and at a cell center.

[3]) can be used. However, because we anticipate that this weighting will be used on a

regular basis, we have provided a utility program,make_wdat.exe, to generateWx andWy

(see reference manual) which are the weighting matrices forthe horizontal gradients. The

first p layers are assigned weights by the user. In the following example, the top four layers

of the model were weighted with values of(64,16,4,2). The inversion result is displayed

in Figure 9.

We stress that the above weighting should be applied with care. A strong horizontal

smoothing can often eliminate horizontal changes in the conductivity, even if the earth

model truly had these. The inclusion, and details, of the surface weighting therefore in-

volves subjective decisions by the user. Without weighting, the model at the surface can be

quite rough (due to electrode effects). On the other hand, local geology is also sometimes

quite rough and hence the true earth model should exhibit a large heterogeneity.
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Figure 9: Inversion of the pyramid model. Both current and potential electrodes

are placed at cell centers. Horizontal smoothing in the top 4 layers of cellshas

been incorporated in the inversion.

Under the assumption that the top layers of the earth should be laterally smooth, then

we suggest the following procedure for designing the weighting: Given the electrode loca-

tions, forward model data using a halfspace resistivity. Add noise that is representative of

the field data. Carry out an inversion beginning with an incorrect value of the halfspace.

This provides insight into the severity of the inversion artifacts. In fact, this is a reasonable

procedure even if electrode artifacts are not of concern, because this inversion will provide

first order information about how well the data might constrain the earth model. Next, ex-

periment with your surface weighting parameters (number oflayers to be smoothed and the

relative strengths of weighting for each layer of cells) andrepeat the inversion. Ideally, the

minimum amount of weighting should be sought so that when thealgorithm is applied to

field data, there is no excessive penalty for true surface structure.
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As a final synthetic example we invert both surface and borehole data for the pyramid

model. The previous data set was augmented with surface potentials along one line mea-

sured from a pole current in a borehole. Five current locations were used and the currents

were not at cell nodes. In this case the true current is distributed over 8 nodes. The location

of the drill hole is shown in Figure 10. A cross-section of therecovered model is shown in

Figure 11. Not only has the inversion algorithm performed well, but the additional infor-

mation provided by the borehole data has improved the result. The bottom and sides of the

block are more clearly defined. For this example, the final target misfit was achieved in 9

iterations.
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Figure 10: DCIP3D 2.0 Inversion. There were several pole-dipole lines done along

the surface. Borehole data was also included by using 5 current electrode positions

down the borehole, and a single line of dipoles collected over the center of the

pyramid.

The above work has illustrated the essential alteration of DCIP3D Version 2.0, and

shown it’s effect on forward modelling and inversion of DC data. Similar conclusions

apply to the IP data. A suite of test results for the pyramid, 5-prism, and a field data set is

provided with the documentation for the manual. As mentioned in the introduction, there
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Figure 11: DCIP3D 2.0 Inversion. Surface pole-dipole and borehole data gener-

ated by 5 current electrode positions down the borehole, and a single line of dipoles

over the center of the pyramid, were inverted.

were other modifications incorporated into Version 2.0. These are presented in point form

in the following Appendix. The items for which the user has some control, are further

elaborated upon in the Technical Manual. Overall, we believe that the improvements in

Version 2.0 will greatly increase the practical usability of the code.

3 Appendix: Summary of Major Changes Incorporated

into DCIP3D Version 2.0

The following is a summary of the changes made to DCIP3D in version 2.0.

• All input files that ran on the previous version of DCIP3D will work with this new

version with no changes.

• Batch-files or scripts used to run DCIP3D will need minor changes to comply with

changes described below.
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• In addition there is a new utility for building weighting files that will help produce

smoother models in the top rows of the mesh. This utility is described at the end of

this file.

• The remainder of this file describes changes to components ofthe DCIP3D library

of programs. Components of the library that are not mentionedhave no changes.

Changes to input/output file formats and DCIP3D 2.0 operation.

1. Electrodes can be located anywhere and are not restrictedto mesh node locations.

2. New input format for dcipf3d. This allows IP data to be computed by evaluatingJη

whereη is a chargeability model (in msec, mrad, etc). That is, data are simulated

using the linearized representation of IP data. Instead of command line parameters,

dcipf3d now requires an input file.

Usage: dcipf3d dcipf3d.inp

Format of dcipf3d.inp:

ip ! dc | ip | ipL
mesh.txt ! mesh file
obs_loc.txt ! electrode locations file
model.con ! conductivity model
model.chg ! chargeability model
null ! topography | null
0 ! output potentials 0|1
1.e-5 ! tolerance (optional)

’dc’ and ’ip’ options on line 1 are the same as before.
’ipL’ is a new option that calculates the ip data by multiplying
the sensitivity matrix by chargeability.
When ’dc’ is chosen, the chargeability model line is ignored.

When ’1’ is entered on line 7, the potentials for every cell are
output in file potentials_???.txt where ??? is the transmitter number.
This file can then be viewed using Meshtools3d.

3. Tolerance: dcipf3d, dcinv3d, and ipsen3d have an additional optional line at the end

of the input file for tolerance. This value indicates how wellthe forward modelled

system is solved. If this line is missing, a default of 1.e-5 will be used.
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4. dcinv3d now saves a model after each iteration. The modelsare ordered: dcinv3d_01.con,

dcinv3d_02.con, dcinv3d_03.con, etc.

5. dcinv3d.out has a header line.

6. The input files can have either length scales or alpha values. When three values are

entered, it is assumed the numbers are length scales:(Le,Ln,Lz). When four values

are entered, it is assumed the numbers are alpha values:(αs,αe,αn,αz). The .log file

would have both sets of values printed out.

7. The dc data are checked to see if some data might have a wrongsign. A filecheck_sign.txt

is created. This is just a warning about the potential of an incorrect sign.

8. The predicted data files have an extra column for true data.

9. Improved line search when running dcinv3d with mode=1.

Internal Changes to DCIP3D 2.0:

1. All floating point arithmetic is done in double precision.More accurate results are

obtained, however more memory is required.

2. In dcinv3d, when the sensitivities are calculated, thedcinv3d.mtxfile is not created.

This results in a big performance gain.

3. In dcinv3d, the diagonal ofGTG is calculated during the sensitivity calculation, not

after. A big improvement in performance is gained.

4. Code got cleaned and reorganized. Large working arrays areonly allocated and used

when needed. This results in neater code and less memory required.

A new utility, make_wdat.exe, is included. It is used to make aw.datfile that has smoothing

in theX andY directions for the first few layers that underly the topography surface. This
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suppresses the tendency of the algorithm to make highly variable structure in these top

layers of the model.

Usage: make_wdat make_wdat.inp

Format of make_wdat.inp:

mesh.txt ! mesh file
topo.dat ! topography file | null
3 !# of layers where extra smoothing will be applied
10. 5. 2. ! weighting values to place in top layers of ’w.dat’

In the above example, the top 3 layers below air will have extra smoothing in theX andY

directions. The first layer will have a smoothing value of 10,the second layer down will

have weighting value 5, etc. The first "layer" is defined as the first cell below topography,

the second "layer" is defined as the next cell down, etc. No weighting is applied to any

cells that are in the air above topography. Weighting valuesin all other cells of the mesh

will remain at 1.0.

Sensitivity Calculation: (used in dcinv3d, ipsen3d, dcipf3d with ipL option)

When calculating the sensitivity matrixG, the number of times a forward system must be

solved is equal to the number of transmitters plus the numberof receivers.

To speed up the process of calculatingG, if the same electrode location appears more than

once in the data file, its solution is stored in memory for future use.

The program the maximum number of solution vectors that needto be stored in memory

and this number is displayed on the screen when the program starts. For example:

Maximum number of solution vectors to be stored for
reciprocity calculation: 37
Memory needed: 27.56 Mb

If the memory needed is too large, the number of vectors to be stored can be changed in

the last line of the input file. If -1 is entered, then there is no limit. If 10 is entered for the

example above, the following is output:
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Maximum number of solution vectors to be stored for
reciprocity calculation: 37
Memory needed: 27.56 Mb
Only 10 will actually be stored.
Memory needed: 7.45 Mb

To have the maximum number of vectors stored be as small as possible, make sure that all

the identical electrode locations are close together in thedata file.
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2. Elements of the DCIP3D (Version 2.1) Program Library 
 
2.1 Introduction 
 
  DCIP3D is a program library that performs forward modelling and inversion of DC resistivity and IP data over 
a 3D distribution of electrical conductivity and chargeability. The programs in the library work with data that are 
acquired using general electrode configurations and at arbitrary observation locations either on the earth’s surface or 
in boreholes. 3D surface topography is also fully incorporated in the modelling and inversion. The DCIP3D library 
consists of four major programs and a utility: 
 
 1. DCIPF3D: performs forward modelling for DC and IP data over a 3D structure. 

2. DCINV3D: inverts DC potentials to recover a 3-D conductivity model using a Gauss-Newton method. 
3. IPSEN3D: calculates the sensitivity matrix for the 3-D IP inversion. 
4. IPINV3D: inverts IP data to recover a 3-D chargeability model. 

 5. MAKE_WDAT: makes a weighting file for smoothing  near surface zones of the model. 
 
 Each of these programs requires input files as well as the specification of parameters in order to run. Some files 
are used by a number of programs. Before detailing the run procedures for each of the above programs we first 
present information about these general input and parameter files. 
 
NOTES about DCIP3D Version 2.1:  The details about files, formats and parameters in this chapter are for 
Version 2.1 of DCIP3D, released in February, 2005.  The following remarks are relevant: 
 

• All input files that  were used for the previous version of DCIP3D will work with this new version..  The 
only exceptions are that the input files for DCINV3D and IPSEN3D have an extra line for active cells. 

 
• Batch-files or scripts used to run DCIP3D will need minor changes to comply with new formats for 

command lines and input files. Descriptions in the remainder of this chapter are valid for DCIP3D versions 
2.0 and 2.1.  

 
• A new utility is provided for building weighting files that help generate  smoother models in the top rows 

of the mesh. This utility is described at the end of chapter 3. 
 

 
 The major improvements that have been made to  DCIP3D since version 1.0 include. 
 

• Electrodes can be located anywhere and are not restricted to mesh node locations. This greatly enhances the 
useability of the code and allows for more uniform meshes with fewer cells to be used in the modelling.  

 
• A linearized forward modelling of IP data is available. The output is the sensitivity multiplied by the  

chargeability. In this case, “chargeability” data can be the true dimensionless chargeability, or any of the 
other chargeability units that are commonly used, eg. pfe, mV/V, mrad etc. 

 
• dcinv3d now saves the model after each iteration. This allows additional flexibility when selecting an 

inverted model that is best suited for interpretation purposes, or possibly choosing a starting model for a 
subsequent inversion. 

 
• ipinv3d saves intermediate models for each Lagrange multiplier. 

 
• The details of the model objective function can be  controlled either with length scales or alpha parameters. 



• An initial check is now carried out to determine if some data have an incorrect sign. Data signs are not 
changed but suspect data are identified in a new file (see end of section 2.2). 

 
• In dcinv3d, when the sensitivities are calculated, they are temporarily stored in memory rather than in the 

file 'dcinv3d.mtx'. Hence the large  .mtx file is not created.  This results in a significant gain in  
performance. 

 
• dcinv3d and ipsen3d output a file called sensitivity.txt which contains the average absolute value of the 

sensitivity matrix for each cell. This is useful to determine which portions of the model domain are 
sensitive to the survey. 

 
• Each cell in a model can be set as “active” or “inactive” in the inversion process. In dcinv3d, inactive cells 

will be held at the value of the reference model. In the IP inversion, inactive cells will be set to zero. 
  
• An upgraded preconditioner is used for the CG (Conjugate Gradient) solver for the Gauss-Newton 

equations. This enhances the performance of the DC resistivity inversion and it has an even larger impact 
upon the IP inversion. 

 
• All floating-point arithmetic is now done in double precision. More accurate results are obtained. 
 
• The  code has been reorganized. Large working arrays are only allocated and used when needed.  This 

results in reduced memory requirements. 
 

 
Sensitivity Calculation: 
 (used in dcinv3d,  ipsen3d, dcipf3d with ipL option.) 
 
 When calculating the sensitivity matrix G, the number of times a forward system must be solved is equal to the 
number of transmitters plus the number of receivers. To speed up the process of calculating G, if the same electrode 
location appears more than once in the data file, its solution is stored in memory for future use. 
 
 The program computes the maximum number of solution vectors that need to be stored in memory and this 
number is displayed on the screen when the program starts.  For example: 
 
       Maximum number of solution vectors to be stored for 
       reciprocity calculation:   37 
       Memory needed:   27.56 Mb 
 
If the memory needed is too large, the number of vectors to be stored can be changed in the last line of the input file.  
If -1 is entered, then there is no limit.  If 10 is entered for the example above, the following is output: 
 
       Maximum number of solution vectors to be stored for 
       reciprocity calculation:   37 
       Memory needed:   27.56 Mb 
       Only    10 will actually be stored. 
       Memory needed:    7.45 Mb 
 
To have the maximum number of vectors stored be as small as possible, make sure that all the identical electrode 
locations are close together in the data file. 
 
(See sections 3.3, 3.4, 3.5 for more details). 



2.2 General Files for DCIP3D Programs 
 
 There are 9 general files which are either used or created by components of the DCIP3D library. These are: 
 

1. obs3d.dat: contains the observations 
2. obs3d.loc: contains the electrode locations for the survey 
3. mesh3d.dat: contains the finite difference mesh for the 3D modelling and inversions 
4. topo.dat: contains the topographic data of the earth’s surface 
5. topo.idx: contains the topography that is discretized onto the mesh 
6. model.con: contains the cell values for the conductivity model 
7. model.chg: contains the cell values for the chargeability model 
8. w.dat: contains special weightings that alter the type of model produced in the inversions. 

 9. check_sign.txt: only produced as a check on the sign of input data. 
 
 
FILE: obs3d.dat 
 
 This file contains the observed data. Both DC resistivity data and IP data are stored in this format. For 
example, this will be the format of all the data files that are output from DCIPF3D, or are input to DCINV3D,  
IPSENS3D and IPINV3D.  For convenience, there are two slightly different file formats. The two data formats 
cannot be mixed in one file.  
 
 Surface data format — specifies the location of an electrode only by its easting and  northing. The vertical 
position is assumed to coincide with the earth’s surface and, therefore, it will be placed at a cell surface  nearest the 
real topography. 
 
 General data format  —  specifies the location of an electrode in 3-D by its easting, northing and elevation. 
This format must be used for data sets that contain borehole data. 
 
 The DCIP3D library can handle arbitrary electrode configurations, and a mixture of different configurations 
can be present in the data file. This is accomplished by specifying the locations of four electrodes for each datum. 
Whenever the two current electrodes, or two potential electrodes, are given the identical location, that particular pair 
is considered to be a single pole with the negative electrode being at infinity. 
 
 The following is the file structure of obs3d.dat: (Note: when the Z columns are absent, the file is in the 
Surface data format, otherwise it is in the General data format.)  
 

!TITLE 
!Comments 
IPTYPE=int 
XA1 YA1 [ZA1] XB1 YB1 [ZB1] n1 
XM1 YM1 [ZM1] XN1 YN1 [ZN1] VAL1 STN1 
XM2 YM2 [ZM2] XN2 YN2 [ZN2] VAL2 STN1 
: 
XA2 YA2 [ZA2] XB2 YB2 [ZB2] n2 
: 
: 

 
! TITLE  A line that begins with an exclamation mark (!) on the first column is a comment and can be placed 

anywhere in the file. Typically, it is advisable to have a header comment to identify the data set. 
 
IPTYPE= special directive that indicates the IP data type. This directive is only required in the IP data file. The 



IPTYPE enables the IP inversion programs to distinguish the apparent chargeability and other similar IP 
data from the basic secondary potential data.  

 
=1: any commonly used IP data for which an “apparent chargeability” is well defined. These include the 

dimensionless apparent  chargeability, integrated chargeability, PFE, or phase data acquired using 
electrode configurations that do not produce zero crossings in the measured total potential (see 
Introduction). The following are some examples of this type of geometry: 

 
     • any pole-pole array (surface or borehole). 
     • surface pole-dipole or dipole-dipole array along the same traverse. 
     • gradient arrays where the potential electrodes are parallel to the current electrodes. 
     • borehole pole-dipole or dipole-dipole array with all active electrodes in the same borehole. 
 

=2:  IP data measured in secondary potentials from any electrode geometry. This is typically used when 
cross-line surface data or cross-hole borehole data are inverted. For these array geometries, the 
apparent chargeability cannot be defined since the total potential can be zero. 

 
 The dimensionless apparent chargeabilities (IPTYPE=1) and the secondary potentials (IPTYPE=2) can be 
mixed in the same file. Thus an IP data file can have several occurrences of IPTYPE. All the data are treated as the 
same type following an IPTYPE directive until a new line changes the type. 
 
XAi, YAi, [ZAi] The easting, northing, and elevation of the current electrode A. When surface data are inverted, the 

vertical locations can be omitted from the data file and the inversion program will automatically 
place the electrodes on the discretized topographic surface according to the data supplied in 
topo.dat. 

 
XBi, YBi, [ZBi] The easting, northing, and elevation of the current electrode B. When surface data are inverted, the 

vertical locations can be omitted from the data file.  
This electrode is considered to be at infinity when its location is identical to that of the A-electrode.  

 
ni     number of data acquired using this current-electrode location. 
 
XMi, YMi, [ZMi] The easting, northing, and elevation of the positive potential electrode M. When surface data are 

inverted, the vertical locations can be omitted from the data file and the inversion program will 
automatically place the electrodes on the discretized topographic surface according the data supplied 
in topo.dat.  

 
XNi, YNi, [ZNi]  The easting, northing, and elevation of the negative potential electrode N. When surface data are 

inverted, the vertical locations can be omitted from the data file. This electrode is considered to be at 
infinity when its location is identical to that of M-electrode. 

 
VALi    value of the data. The DC data should be the potential normalized by the current strength and have 

the units of Volts/A. The apparent chargeability can have any dimension as given by the particular 
type. When the secondary potential is specified by IPTYPE=2, it must also be in Volts/A. 

 
STNi    standard deviation of the datum VALi. This is an absolute value and should not be specified as a 

percentage. This value should always be positive. 
 
 NOTE: Special care needs to be taken when mixed IP data are present. Only the dimensionless apparent 
chargeability can be mixed with the secondary potential data. In this case, the recovered chargeability will be the 
dimensionless quantity as defined in the “Introduction”. Any other chargeability data (e.g., PFE or phase) must be 
first converted to dimensionless apparent chargeability. If no conversion is possible, then the data must be inverted 



as a single data type (IPTYPE). In that case, the recovered chargeability model has the same units as the data. 
 
 Example of obs3d.dat file: The following two examples illustrate the two different formats of ob3d.dat files. 
Note that the vertical location of the electrodes are absent in the surface format. 
 
Surface format: 
 

IPTYPE=1 
   0.00 100.00   0.00 100.00  6 
 50.00 100.00 100.00 100.00 -5.72998E-04 5.00012E-03 
100.00 100.00 150.00 100.00 -9.99526E-03 5.00041E-03 
150.00 100.00 200.00 100.00 -1.23266E-03 5.00083E-03 
200.00 100.00 250.00 100.00  3.53100E-03 5.00116E-03 
250.00 100.00 300.00 100.00 -1.91704E-03 5.00129E-03 
300.00 100.00 350.00 100.00 -6.31114E-03 5.00038E-03 
 
 50.00 100.00  50.00 100.00 6 
100.00 100.00 150.00 100.00  5.75265E-03 5.00014E-03 
150.00 100.00 200.00 100.00  2.28981E-04 5.00052E-03 
200.00 100.00 250.00 100.00  2.14355E-03 5.00075E-03 
250.00 100.00 300.00 100.00 -4.12922E-03 5.00129E-03 
300.00 100.00 350.00 100.00 -3.93082E-03 5.00057E-03 
350.00 100.00 400.00 100.00  8.30425E-03 5.00117E-03 
: 

 
General format: 
 

IPTYPE=2 
500.00 200.00           0.00 500.00 200.00    0.00  45 
500.00 800.00    0.00 500.00 800.00  -50.00 -3.18948E-05 1.11314E-05 
500.00 800.00  -25.00 500.00 800.00  -75.00 -6.51161E-05 1.21571E-05 
500.00 800.00  -50.00 500.00 800.00 -100.00 -6.19803E-05 1.26664E-05 
500.00 800.00  -75.00 500.00 800.00 -125.00 -3.35743E-05 1.24888E-05 
500.00 800.00 -100.00 500.00 800.00 -150.00 -1.70145E-05 1.19503E-05 
500.00 800.00 -125.00 500.00 800.00 -175.00 -2.95547E-05 1.13387E-05 
500.00 800.00 -150.00 500.00 800.00 -200.00 -2.26632E-05 1.08247E-05 
500.00 800.00 -175.00 500.00 800.00 -225.00  3.66551E-06 1.04943E-05 
500.00 800.00 -200.00 500.00 800.00 -250.00 -2.05321E-06 1.03654E-05 
500.00 800.00 -225.00 500.00 800.00 -275.00 -1.44991E-05 1.04249E-05 
500.00 800.00 -250.00 500.00 800.00 -300.00 -2.02879E-05 1.06293E-05 
: 

 
 
 
FILE: obs3d.loc 
 
 This file contains the electrode positions for the survey and is used only in forward modellings. The file has the 
same structure as the obs3d.dat file, except the columns for data values and standard deviations are not needed (they 
will be ignored if they are present). Similarly, for surface data, the vertical locations of the electrodes can be omitted 
and the electrodes will be automatically placed on the topographic surface. For a general data set that includes 
borehole observations, however, the vertical location must be specified. 
 



 For DC resistivity forward modelling, the file does not need the directive IPTYPE. However, when the IP 
forward modelling is performed, the file must contain the necessary directive to indicate whether apparent 
chargeabilities (IPTYPE=1) or secondary potentials (IPTYPE=2) are to be calculated. As in the data file, several 
IPTYPE lines can be present and all IP data to be modelled are considered to be the same type until a new line 
changes the type. 
 
 When the electrode location file is used to forward model DC resistivity data either separately or during the IP 
modelling, IPTYPE will be ignored and the DC potentials are produced. 
 
 
FILE: mesh3d.dat 
 
 This file contains the 3D finite difference mesh defined by the number of cells in each dimension and the width 
of each cell. The finite difference mesh is used for 3D forward modelling and inversion. mesh3d.dat has the 
following structure: 
 

NE NN NV 
E0 N0 V0 
∆E1 ∆E2 ... ∆ENE 
∆N1 ∆N2 ... ∆NNN 
∆V1 ∆V2 ... ∆VNV 

 
NE     Number of cells in the East direction. 
NN     Number of cells in the North direction. 
NV     Number of cells in the vertical direction. 
E0, N0, V0 Coordinates, in metres, of the southwest top corner, specified in (Easting, Northing, Elevation). The 

elevation can be relative to a reference elevation other than the sea level, but it needs to be 
consistent with the elevation used to specify the observation location in obs.loc or obs.dat and in 
topo.dat (see the relevant file descriptions). 

∆En    Cell widths in the easting direction (from W to E). 
∆Nn    Cell widths in the northing direction (from S to N). 
∆Vn    Cell thickness (top to bottom). 
 
 The mesh can be designed by considering it to consist of a core portion, representing the region of interest, and 
a padding zone, which ensures that the boundary conditions in the finite difference modelling are handled correctly. 
In the core portion, the horizontal mesh is mainly controlled by the data grid on the surface and the locations of the 
boreholes. When only surface data are inverted, the mesh partition in this region is usually uniform. In the presence 
of topography, we recommend a finer partitioning in sections where the topographic relief changes rapidly. This 
helps to better approximate the topographic surface using the finite difference mesh. 
 
 In the presence of surface topography, the top of the finite difference mesh corresponds to the highest point on 
the surface (see also the description of topo.dat). If data are only located on the surface of the earth, the vertical 
mesh has thicknesses that generally increase with depth.  The cell thickness should be small near the surface and 
increase slowly in the upper region that is within the array’s depth of investigation. However, a more constant cell 
thickness is needed if borehole data are also present. The maximum depth for the mesh should either be considerably 
larger than the depth of investigation provided by the surface data or be sufficient below the depth of the deepest 
borehole electrode. The thickness of the cells, especially near the surface, should be determined in reference to the 
horizontal partitioning so that the cells do not have an extremely large aspect ratio (width divided by thickness). 
Cells with extreme aspect ratios tend to degrade the quality of the forward solution and they can also cause 
undesirable abrupt changes in the inversion results. It is good practice to keep the aspect ratio of cells less than 5. 
 



 Once the core mesh is designed, a set of padding cells is required to extend the mesh in all directions. Five or 
more cells, whose width progressively increases by a factor of 1.3 to 2 , provide sufficient extension so that the 
boundary conditions are adequately handled. 
 
 It is good practice to generate the mesh and perform a forward modelling using a uniform halfspace 
conductivity model. If the mesh has been properly designed then the apparent conductivities obtained from the 
forward modelled responses should not deviate from the true conductivity by more than a few percent. If the 
deviation is larger, the mesh should be modified and the halfspace test performed again. This test is valid when there 
is no topography. However, a mesh designed properly for a model with topography should pass the halfspace test 
when the mesh is used alone without topography. 
 
Example of mesh3d.dat file: 
 This example shows a mesh that consists of 26 cells in both horizontal directions and 23 cells in 
the vertical direction. The cells in the core portion of the mesh are all 50 m by 50 m by 25 m. 
There are three cells in the padding zone (this is a minimum number). 
 

26 26 23 
-350 -350 0 
200 100 50 20*50.0 50 100 200 
200 100 50 20*50.0 50 100 200 
20*25.0 50 100 200 
 

 
FILE: topo.dat 
 
 This optional file defines the surface topography in the area of the DC/IP survey by specifying the elevations 
of selected points. This file is used when the obs3d.dat file is stored in the surface data format. The programs in the 
DCIP3D library will perform the discretization of the topography onto the finite difference mesh and a topo.idx file 
will be produced in the process. The finite difference mesh defined in mesh3d.dat is linked to the topography by 
specifying the elevation V0 of the top of the mesh to be at z = 0, i.e., V0 is assumed to be the highest point on the 
topographic surface. If there are points higher than V0 on the surface, they are set to V0. By convention, the elevation 
is positive up. It does not have to be referenced to the sea level. The file topo.dat must cover the core portion of the 
mesh where electrodes are placed. The coverage should ideally extend over the complete mesh, including the 
padding cells. The topographic surface is discretized onto the mesh using the elevations at the horizontal nodes that 
are obtained by interpolation. Any portion of the mesh that lies outside the area covered by topo.dat will have 
elevations that are extrapolated from the data in topo.dat. The file structure of topo.dat is as follows: 

! comment 
n 
E1  N1  ELEV1 
E2  N2  ELEV2 
:  : 
En  Nn  ELEVn 

 
!      top lines starting with ! are comments. 
n      number of points defining the topographic surface. 
Ei    easting of the ith point on the surface. 
Ni    northing of the ith point on the surface. 
ELEVn   elevation of the nth point on the profile. 



Example of topo.dat file: 
 

2009 
12300.00 9000.00 0.109411E+04 
12300.00 9025.00 0.109545E+04 
12300.00 9050.00 0.109805E+04 
12300.00 9075.00 0.110147E+04 
12300.00 9100.00 0.110555E+04 
12300.00 9125.00 0.111011E+04 
12300.00 9150.00 0.111490E+04 
12300.00 9175.00 0.111971E+04 
: 

 
FILE: topo.idx 
 
 This optional file is used to define the surface topography of the 3D model by specifying the number of cells 
that are above the earth’s surface in each column of the mesh (see FILE: mesh3d.dat). The file is used when the 
discretization of the surface topography is provided. This is typically required when data sets including borehole 
electrodes are inverted.  We use this rudimentary representation of topography, together with the complete 
specification of electrode locations, to allow the inversion of general data sets. The discretization of the surface 
topography and minor shifting of the electrodes are usually carried out at the same time. This is best done by the 
user so that he or she can deal with unforeseen situations that may arise in practical applications. Note that the 
equivalent of topo.idx is generated automatically from topo.dat (see above) when the surface data are inverted.  
 
topo.idx has the following structure: 
 

NE NN 
i1 j1 ind[i1 j1] 
: 
iNE jNN ind[iNE jNN] 

 
NE    the number of cells in the East direction. 
NN     the number of cells in the North direction. 
i     cell number in the east direction (from west end). Must be between 1 and NE. 
j     cell number in the north direction (from south end). Must be between 1 and NN. 
ind[i j]  number of cells above the topographic surface at column [i j]. 
 
 The lines in this file can be in any order as long as the total number is equal to NE x NN. The value of ind[i 
j] indicates the number of cells above the earth’s surface. If topo.idx is not supplied, the surface would be treated 
as being flat (ind[i j]=0  for all i and j). 



Example of topo.idx file: The following is a portion of a 26 x 26 topography file. The column at the southwest 
corner, (1, 1), has a single cell removed so that the topographic surface for that column of cells is at elevation  
V0 - ∆V1, where ∆V1 is the vertical thickness of the first layer of cells as defined in file mesh3d.dat. The cell 
column corresponding to (1, 2) has two cells removed so its surface elevation is V0 - ∆V2 - ∆V2. No cells are 
removed from the column (1,3) so the surface elevation for that column is V0. 
 
 

26  26 
1 1 1 
1 2 2 
1 3 0 
.. 
26 25 3 
26 26 2 

 
 NOTE: Although the cells above the topographic surface are not part of the inversion model, they must still be 
included in the model files, model.con and model.chg, as if they are a part of the model. These cells can have any 
value assigned to them, but it is recommended that they equal -1.0 to avoid any confusion with the model elements. 
Similarly, the recovered models produced by inversion programs DCINV3D and IPINV3D also include the cells 
that  are removed, but these cells will have values of 10-8 for the conductivity and -1.0 for the chargeability. 
 
 
FILES: model.con and model.chg 
 
 This format is used in all “model” files defining conductivity or chargeability models. That is, starting models, 
reference models, final models in either the DC resistivity or IP forward modelling or inversion have the same 
structure. Each file contains the cell values of the model. The number of cells in the x, y and z directions and their 
lengths and widths are defined in mesh3d.dat. 
 
 The extension ‘.con’ identifies a conductivity model and ‘.chg’ identifies a chargeability model. Although 
these extensions are not mandatory for input files, the inversion programs attach them to the final model file. The 
file structure for model.con or model.chg is as follows: 
 

val1,1,1 
val1,1,2 
: 
val1,1,NV 
val1,2,1 
: 
vali,j,k 
: 
valNN,NE,NV 

 
vali,j,k  conductivity or chargeability in cell [i j k]. The conductivity is always in units of S/m. The 

chargeability is dimensionless and ranges between [0,1). However, when inverting IP data such 
as integrated chargeability, PFE, or phase, the recovered chargeability model will have the same 
units as the input data. 

 
 [i j k]=[1 1 1] is defined as the cell at the top-south-west corner of the model. The total number of 
lines in this file should equal NN x NE x NV, where NN is the number of cells in the North direction, NE is the 
number of cells in the East direction, and NV is the number of cells in the vertical direction. The lines must be 



ordered so that k changes the quickest (from 1 to NV), followed by j (from 1 to NE), then followed by i (from 1 to 
NN). If the surface topography (topo.dat or topo.idx) file is supplied, the values above the surface will be ignored if 
the model is an input to the forward modelling or inversion programs. These values should be assigned a very small 
value (e.g., 10-8) for conductivity or a negative value (e.g. -1.0) for chargeability to avoid confusion with the other 
model elements. When a model is output from a inversion program, the cells above the surface topography will have 
the corresponding special values to distinguish them from regular cells in the model. 
 
 
FILE: w.dat User supplied weighting function. The following is the file structure for w.dat: 
 

W.S1,1,1 ... W.SNN,NE,NV  
W.E1,1,1 ... W.ENN,NE-1,NV 
W.N1,1,1 ... W.NNN-1,NE,NV 
W.Z1,1,1 ... W.ZNN,NE,NV-1 

 
W.Si,j,k cell weights for the smallest model. 
W.Ei,j,k cell weights for the interface perpendicular to the easting direction. 
W.Ni,j,k cell weights for the interface perpendicular to the northing direction. 
W.Zi,j,k cell weights for the interface perpendicular to the vertical direction. 
 
 Within each part, the values are ordered in the same way as in model.con, however, they can be all on one line, 
or broken up over several lines. Since the weights for a derivative term are applied to the boundary between cells, 
the weights have one fewer value in that direction. For instance, the weights for the derivative in easting direction 
has (NE - 1) x NN x NV values, whereas the number of cells is NE x NN x NV. 
 
 If the surface topography (topo.dat or topo.idx) file is supplied, the cell weights above the surface will be 
ignored. These weights should be assigned a value of -1.0 to avoid confusion. If null is entered instead of the file 
w.dat, then all of the cell weights would equal 1.0. 
 
 
FILE: check_sign.txt:   After reading in the dc data, it is checked to see if some data might have a wrong sign.  A 
file 'check_sign.txt' is created. This is just a warning about the potential of an incorrect sign. 
 
 



3 Executing the DCIP3D Programs 
 
3.1 Introduction 
 
 All programs in the package can be run by typing the program name followed by a command line argument. 
With such a format, they can be executed directly on the command line or in a shell script or batch file. When a 
program is executed without any arguments, it will print a simple message describing the usage. The command 
format and the control file format are described below. 
 
Command format: 
 
     PROGRAM   arg_1 
 
PROGRAM  name of the executable program. If the program is not in the current directory, its path must be 

included also. 
 
arg_1    a command line argument which is the name of a file. It is usually one of those described in the 

preceding section or a control file containing input parameters, as follows: 
 
 
Control file format: 
 

PARAMETER_1  !COMMENT 
: 
PARAMETER_n !COMMENT 
FILE_NAME_1  !COMMENT 
: 
FILE_NAME_n  !COMMENT 
 

PARAMETER_n   a constant number which is passed to the program. If more than one parameter is required on 
the same line, they must be separated by a space. 

 
FILE_NAME_n   name of a file to be passed to the program. There is always only one file name per line. 
 
COMMENT    optional comments which describe the parameter(s) on the same line. All comments must be in 

the last fields of each line and be preceded by “!”. 



3.2 DCIPF3D 
 
 This program performs 3D forward modelling of DC resistivity and IP data. As a command line argument, it 
requires an input file containing all parameters and files needed to carry out the modelling calculations. For users 
familiar with DCIP3D Version 1.0 (obtained prior to June 2004), this is a major change in usage. The name of all 
input files are specified by users but the names of output files are fixed. When topo.dat or topo.idx is supplied, it is 
used by DCIPF3D to define the topographic surface of the model and the forward modelled DC potential data and IP 
data simulate the data acquired in the presence of the topography; otherwise, the program assumes a flat earth’s 
surface at z = 0 and carries out the modelling accordingly. 
 
Command line usage: 
 

dcipf3d   dcipf3d.inp  
 
Format of the control file dcipf3d.inp: 
 

dc | ip | ipL 
mesh3d.dat 
obs3d.loc 
model.con 
model.chg 
topo.dat | NULL | null 
0 | 1 
tol 
nvectors 

 
Control parameters and input files: 
 
NOTE: file formats are detailed in chapter 2, section 2.2 above. 
 
dc | ip | ipL Enter dc to perform only DC forward modelling, or enter ip to perform both DC and IP 

modelling. Entering ipL calculates the ip data by multiplying the sensitivity matrix by 
chargeability. When dc is chosen, the chargeability model line is ignored 

 
mesh3d.dat  file containing the finite difference mesh. 
 
obs3d.loc   file containing the electrode locations. 
 
model.con  file containing the cell values of a conductivity model. If the conductivity model is constant, the 

value in units of S/m can be entered instead. 
 
model.chg  file containing the cell values of a chargeability model. Required only if ip or ipL is selected. If the 

chargeability model is constant, the value can be entered instead. 
 
topo.dat   surface topography file (optional). When the electrode locations file obs3d.dat is stored in the 

surface data format, the topography should be in topo.dat format. When the locations file is in the 
general data format, the topography should be in topo.idx format. If there is no topography 
information this line should contain NULL or null.  



0 | 1    if 1 is entered on line 7, the potentials for every cell are output in file  potentials_???.txt  
where ???  is the transmitter number. This file can then be viewed using the UBC-GIF viewing 
utility program Meshtools3d.  

 
tol    a real number (such as 1.0e-5). This value indicates how well the forward modelled system is 

solved.  If this line is missing, a default of 1.0e-5 will be used.  
 
nvectors   -1 if there is  to be no limit on the amount of memory to be used for calculating the sensitivity 

matrix G. Enter an integer (such as 10) to specify how solution vectors are to be stored in the 
computer’s memory. See “Sensitivity calculations” above under section 2.1.  Used only when ipL 
is chosen. 

 
Output files: 
 
dc3d.dat   the DC potential data. 
 
ip3d.dat    the IP data. 
 
ip3d_lin.dat IP data when ipL is chosen. 
 
obs.loc    location of the electrodes specified by three coordinates. Produced only if surface-data format is 

used in the input. 
 
 
3.3 DCINV3D 
 
DCINV3D performs the inversion of the DC resistivity data in file obs3d.dat. The program requires a control file as 
the argument on the command line. The control file contains the control parameters and the names of input files. As 
input, the program requires the mesh file, potential data file, initial and reference models, the optional topography 
and special weighting files. In addition, it requires parameters specifying the choice of regularization parameter, and 
the wavelet and threshold used to compress the sensitivity matrix. It outputs the inverted model to a file named 
dcinv3d.con and generates a predicted data file dcinv3d.pre and other auxiliary information files. 
 
After reading in the dc data, it is checked to see if some data might have a wrong sign.  A file 'check_sign.txt' 
is created. This is just a warning about the potential of an incorrect sign. 
 
Command line usage: 
 
 dcinv3d dcinv3d.inp 
 
(continued next page) 



Format of the control file dcinv3d.inp: 
 

NITER IREST  
MODE, PAR 
OBS3D.DAT 
MESH3D.DAT 
TOPO.DAT | TOPO.IDX | NULL 
INI_MOD.CON | CONST | NULL 
REF_MOD.CON | CONST | NULL 
ACTIVE CELL FILE | NULL 
Le Ln Lz | αs, αx, αy, αz | NULL 
WVLT | NULL | NONE 
ITOL PAR | NULL 
W.DAT 
IDISK 
tol 
nvectors 

 
 
Control parameters and input files: 
 
niter     maximum number of iterations to be performed. 
 
irest     restarting control parameter: 

0: begin inversion from scratch 
1: restart inversion from the previous iteration. This requires that the files dcinv3d.con, 
dcinv3d.out, and dcinv3d.log be present. 

 
mode, par  an integer and a real number that specify one of the three choices to determine the regularization 

parameter (see the flowchart in Figure 5 in Section 1.4). The parameter par has different meanings 
in different modes.  

   mode=1: the program chooses a regularization parameter :  to produce a user specified target 
misfit. par is the misfit parameter chifact such that the final Chi2 = N x chifact, where N 
is the number of data. Usually chifact = 1.0 . 

mode=2:  the user inputs the regularization parameter. In this mode, : = par. 
mode=3:  the program calculates the regularization parameter according to the L-curve criterion. 

par is ignored. 
 
obs3d.dat   name of the file containing observed potential data, electrode configuration and errors. 
 
mesh3d.dat  name of the file containing finite difference mesh. 
 
topo     name of the file containing surface topography. When NULL or null is entered, the surface is 

assumed flat. It is essential that the information about the topography is specified in the format that 
is consistent with the information of electrode positions that are supplied in the obs3d.dat file. 
Therefore: 
•  When the observations file obs3d.dat is stored in the surface data format, the topography should 

be in topo.dat format. 
• When the observations file is in the general data format, the topography should be in topo.idx 

format. 
 
ini_mod.con  name of the file containing initial conductivity model. If the initial model is constant, the filename 



can be replaced by the constant value. If  NULL or null is entered, the initial model will be equal 
to the reference model. 

 
ref_mod.con  name of the file containing reference conductivity model. If the reference model is constant, the 

filename can be replaced by the constant value. If  NULL or null is entered, the reference model 
will be the best fitting halfspace. 

 
active cells A file indicating which cells are active (1) and which are inactive (0) .   The values in this file are 

ordered the same as the model file.  The inactive cells are set to the reference model.   If NULL or 
null is entered, all cells are active. 

 
Le, Ln, Lz | either length scales or alpha values can be specified here, or NULL.  When three values are  
αs, αx, αy, αz  entered, it is assumed they are length scales: (Le Ln Lz). When four values are entered, they are 

assumed to be alpha values: (αs, αx, αy, αz). The .log file would have both sets of values printed 
out. Length scales are in easting, northing, and depth directions respectively. These parameters 
determine the weighting coefficients (αs, αx, αy, αz) in the model objective function. The 
relationship between length scales and the weighting coefficients is given in Section 1.3. The 
recommended value of the length scale is two to five cell widths in the corresponding direction. 

 
If NULL or null is entered, the length scale will be equal to two times the maximum cell width 
in the middle of the mesh. For example, if the cells are 50m x 50m x 25m at the centre of the mesh, 
then the default values are Le = Ln = Lz = 100m.  

 
wvlt     a five-character string identifying the type of wavelet used to compress the sensitivity matrix. The 

types of wavelets available are Daubechies wavelet with 1 to 6 vanishing moments (daub1, daub2, 
and so on) and Symmlets with 4 to 6 vanishing moments (symm4, symm5, symm6). 

 
Note that daub1 is the Haar wavelet and daub2 is the Daubechies-4 wavelet.  The Daubechies-4 
wavelet should be used for most inversions, while the others are provided for users’ 
experimentation. If NULL or null is entered, the default Daubechies-4 wavelet (daub2) is used. 

 
If NONE or none is entered, no compression is performed and the program generates a dense 
matrix in its original form. 

 
itol, par    an integer and a real number that specify how the wavelet threshold level is to be determined. 

itol=1: par is the relative reconstruction error r* of the sensitivity. A reconstruction error of 0.05 is 
usually adequate, but 0.02 is recommended. The relative threshold value ε for compressing each 
sensitivity is calculated by the program. 
itol=2: par is the relative threshold ε  to be used. A value of par=0.001 is recommended. 

 
If null is entered on this line, a default relative reconstruction error of 0.02 is used and the 
relative threshold level is calculated (i.e. itol=1, par=0.02). 

 
The detailed explanation of threshold level and reconstruction error can be found in the Section 1.6 
of this manual. 

 
w.dat    name of the file containing weighting matrix. If NULL is entered, default values of unity are used. 
 
idisk     =0: store the entire sensitivity matrix in memory. 

=1: access the sensitivity matrix from disk when needed. 



     
tol    a real number (such as 1.0e-5). This value indicates how well the forward modelled system is 

solved.  If this line is missing, a default of 1.0e-5 will be used.  
 
nvectors   -1 if there is  to be no limit on the amount of memory to be used for calculating the sensitivity 

matrix G. Enter an integer (such as 10) to specify how many solution vectors are to be stored in the 
computer’s memory. See “Sensitivity calculations” above under section 2.1. 

 
Both ini_mod.con and ref_mod.con are stored in model.con format. 

 
 
Output files: 
 
DCINV3D Versions 2.0 and later save a model after each iteration.  The models are ordered: dcinv3d_01.con, 
dcinv3d_02.con, dcinv3d_03.con, etc. 
 
dcinv3d.con  conductivity model of the latest iteration. The model is stored in the model.con format. This file is 

overwritten at the end of each iteration. 
 
dcinv3d.out  convergence information of past iterations. This file lists the values of data misfit, the model 

objective function, and the regularization parameter as functions of iteration. In Versions 2.0 and 
later of the program library, a header line has been added to this output file. 

 
dcinv3d.log  log file containing the detailed information about each iteration. 
 
dcinv3d.pre  predicted potential data from the inverted model in the latest iteration. The predicted data is in the 

format of obs3d.dat with the column corresponding to data error omitted. True data are included as 
a separate column (in program library Versions 2.0 and later). This file is overwritten at the end of 
each iteration.  

 
obs.loc    electrode locations with three coordinates specified. This is output only when the obs3d.dat is 

stored in the surface data format. 
 
sensitivity.txt the average absolute value of the sensitivity matrix for each cell.  This file is stored in the same 

format as the model files and can be displayed using Meshtools3d (use a log scale). 
 
Example DCINV3D Control File: The following is an example control file. The inversion is started from scratch 
and a maximum 25 iterations are to be performed. The inversion will use mode=1 to determined the regularization 
parameter and the chifact is equal to 1.0. The observed potential data are in data.dc. The model discretization is 
defined by the finite difference mesh in mesh3d.dat and the surface topography in topo.dat. The initial and 
reference models are equal to 0.005 S/m. The sensitivity matrix is compressed using Daubechies-4 wavelet and a 
relative threshold of 0.001 is supplied by the user. The default weighting function (unity) is used for the model 
objective function. 
 

25 0       ! maxit, irest  
1 1.       ! mode, par 
data.dc    ! data file 
mesh3d.dat ! mesh 
topo.dat   ! topography | null 
null       ! initial model | null 
0.005      ! reference model | null 
null       ! active cells 



100.0, 100.0, 100.0 ! Le, Ln, Lz | null 
daub2      ! wavelet | null |none 
2 0.001    ! itol, par | null 
null       ! 3D weighting | null 
0          ! idisk 0|1 
1.0e-5     ! forward modelling toleranc 
-1         ! no limit on number of solution vectors stored in memory 

  
NOTE-1:  A sample input file can be obtained by executing: dcinv3d -inp. 
 
NOTE-2: In mode=1, DCINV3D will terminate before the specified maximum number of iterations is reached if the 

expected data misfit is achieved and if the model norm has plateaued. However, if the program exits 
when the maximum iteration is reached, the file dcinv3d.out should be checked to see if the desired 
misfit (equal to chifact times the number of data) has been reached and if the model norm is no 
longer changing. If either of these conditions has not been met then the program should be restarted. 

 
NOTE-3:  In mode=1, if the desired misfit level cannot be achieved, DCINV3D will determine a reasonable 

regularization parameter and carry out the inversion to completion. This gives a valid model from 
the inversion unless the program is terminated at the maximum number of iterations. 

 
NOTE-4:  The restart option is only used to continue the inversion after the program has been terminated 

abnormally, such as after it is interrupted or when the maximum number of iterations has been 
reached. If the user wants to re-invert the data by changing the mode or inversion parameters, a 
different inversion must be performed independently. 

 
 
 
3.4 IPSEN3D 
 
This program calculates the sensitivity file for the IP inversion.  
 
Command line usage: 
 
  ipsen3d  ipsen3d.inp 
 
Format of the control file ipsens3d.inp: 
 

OBS3D_IP.DAT  
MESH3D.DAT 
DCINV3D.CON | CONST 
TOPO.DAT | TOPO.IDX | NULL 
ACTIVE CELL FILE | NULL 
WVLT | NULL | NONE 
ITOL PAR | NULL 
tol 
-1         ! no limit on number of solution vectors stored in memory 

 
Control parameters and input files: 
 
obs3d_ip.dat  name of the file containing observed chargeability data, electrode configuration and errors. 
 
mesh3d.dat  name of the file containing finite difference mesh. 



 
dcinv3d.con  name of the file containing the conductivity model used for sensitivity calculation. If the model is 

constant, the filename can be replaced by the constant value. 
 
topo     name of the file containing surface topography. When NULL or null is entered, the surface is 

assumed flat. It is essential that the information about the topography is specified in the format that 
is consistent with the information of electrode positions that are supplied in the obs3d.dat file. 
Therefore: 

    •  When the observations file obs3d.dat is stored in the surface data format, the topography should 
be in topo.dat format. 

• When the observations file is in the general data format, the topography should be in topo.idx 
format. 

 
active cells A file indicating which cells are active (1) and which are inactive (0) .   The values in this file are 

ordered the same as the model file.  The inactive cells will be set to 0 in the inversion.   If NULL or 
null is entered, all cells are active. 

 
wvlt     a five-character string identifying the type of wavelet used to compress the sensitivity matrix. The 

types of wavelets available are Daubechies wavelet with 1 to 6 vanishing moments (daub1, daub2, 
and so on) and Symmlets with 4 to 6 vanishing moments (symm4, symm5, symm6). 

 
Note that daub1 is the Haar wavelet and daub2 is the Daubechies-4 wavelet. The Daubechies-4 
(daub2) wavelet should be used for most inversions, while the others are provided for users’ 
experimentation. 

 
If NULL or null is entered, the default Daubechies-4 wavelet (daub2) is used. 

 
If NONE or none is entered, no compression is performed and the program generates a dense matrix 
in its original form. 

 
itol,     par an integer and a real number that specify how the wavelet threshold level is to be determined. 
 

itol=1: par is the relative reconstruction error r* of the sensitivity. A reconstruction error of 0.05 is 
usually adequate, but 0.02 is recommended. The relative threshold value ε  for compressing each 
sensitivity is calculated by the program. 

 
itol=2: par is the relative threshold ε  to be used. A value of par=0.001 is recommended. 

 
If NULL or null is entered on this line, a default relative reconstruction error of 0.02 is used 
and the relative threshold level is calculated (i.e.,itol=1, par=0.02). 

 
The detailed explanation of threshold level and reconstruction error can be found in the Section 1.6 
of this manual. 

 
tol    a real number (such as 1.0e-5). This value indicates how well the forward modelled system is 

solved.  If this line is missing, a default of 1.0e-5 will be used.  
 
nvectors   -1 if there is  to be no limit on the amount of memory to be used for calculating the sensitivity 

matrix G. Enter an integer (such as 10) to specify how many solution vectors are to be stored in the 
computer’s memory. See “Sensitivity calculations” above under section 2.1. 

 



 
Output files: 
 
ipinv3d.mtx  sensitivity matrix file to be used by ipinv3d to perform the IP inversion. 
 
ipsens3d.log  log file containing information about the sensitivity calculation. 
 
obs.loc    electrode locations. This is output only when the obs3d.dat is stored in the surface data format. 
sensitivity.txt the average absolute value of the sensitivity matrix for each cell.  This file is stored in the same 

format as the model files and can be displayed using Meshtools3d (use a log scale). 
 
Example IPSEN3D Control File: 
 

obs_ip.dat  ! data file  
mesh        ! mesh file 
dcinv3d.con ! conductivity file | constant 
topo.dat    ! topography 
null        ! active cells 
daub2       ! wavelet 
1 0.02      ! itol, par | null 
1.0e-5      ! forward modelling tolerance 
-1          ! no limit on number of solution vectors stored in memory 

 
 
3.5 IPINV3D 
 
 IPINV3D performs the inversion of the IP data in file obs3d_ip.dat. The program requires a control file as the 
argument on the command line. The control file contains the control parameters and the names of input files. The 
program requires as input the mesh file, apparent chargeability data file, initial and reference models, and possibly a 
special weighting file. It outputs the inverted model in a file named ipinv3d.chg. The command format and the 
control file format are described below. 
 
 
Command line usage: 
 
 ipinv3d   ipinv3d.inp 
 
Format of the control file  ipinv2d.inp: 
 

IREST  
MODE, PAR 
OBS3D_IP.DAT 
IPINV3D.MTX 
INI_MOD.CHG 
REF_MOD.CHG 
Le Ln Lz | αs, αx, αy, αz | NULL 
W.DAT 
IDISK 

 



Control parameters: 
 
irest     restarting flag: 
    =0:  start inversion from scratch. 

=1:  restart inversion after it is interrupted. Restart requires two files written out by IPINV3D at the 
end of each iteration: ipinv3d.aux and ipinv3d.eta. 

 
mode, par   an integer and a real number that specify three choices to determine the regularization parameter 

(see the flowchart in Figure 7 in Section 1.5). The parameter par has different meanings in different 
modes. 
mode=1:  the program chooses a regularization parameter µ  to produce a user specified target 

misfit. par is the misfit parameter chifact such that the final Chi2 = N x chifact, where N 
is the number of data. Usually chifact = 1.0 . 

    mode=2:  the user inputs the regularization parameter. In this mode, µ = par. 
mode=3:  the program calculates the regularization parameter using the GCV criterion. par is 

ignored. 
 
obs3d_ip.dat  observed IP data and electrode configuration. This should be the same file as that input to ipsen3d. 

(standard deviations can change.) 
 
ipinv3d.mtx  sensitivity matrix computed by IPSEN3D. 
 
ini_mod.chg  initial chargeability model. This is either a file name or a real value. If NULL is entered, the default 

initial model will be 0.05 of the maximum data if IPTYPE=1, or 0.01 if IPTYPE=2. See description 
of the obs3d.dat file in section 2.2. Since the model in the IP inversion cannot be exactly on the 
zero bound, the initial model must not be zero. 

 
ref_mod.chg  reference chargeability model. This is either a file name or a real value. If NULL is entered, a 

default value of 0.0 will be used. 
 
Le, Ln, Lz | either length scales or alpha values can be specified here, or NULL.  When three values are  
αs, αx, αy, αz  entered, it is assumed they are length scales: (Le Ln Lz). When four values are entered, they are 

assumed to be alpha values: (αs, αx, αy, αz). The .log file would have both sets of values printed 
out. Length scales are in easting, northing, and depth directions respectively. These parameters 
determine the weighting coefficients (αs, αx, αy, αz) in the model objective function. The 
relationship between length scales and the weighting coefficients is given in Section 1.3. The 
recommended value of the length scale is two to five cell widths in the corresponding direction. 

 
    If NULL or null is entered, the length scale will be equal to two times the maximum cell width 

in the middle of the mesh. For example, if the cells are 50m x 50m x 25m at the centre of the mesh, 
then the default values are Le = Ln = Lz = 100m. 

 
w.dat    user supplied weighting functions. If NULL is entered, default values of unity are used. 
 
idisk     =0: store the entire sensitivity matrix in memory. 

=1: access the sensitivity matrix from disk when needed. 
 

 
Both ini_mod.chg and ref_mod.chg are stored in model.chg format. If either the initial or reference 
chargeability model is constant, the file name can be replaced by the constant value in the parameter file. 

 



 
Output files: 
 
ipinv3d.chg  chargeability model of latest iteration. This file is overwritten at the end of each iteration. 
 
ipinv3d.log  log file containing detailed information about each iteration. 
 
ipinv3d.pre  predicted apparent chargeability data from the inverted model in the latest iteration. The predicted 

data are in the format of obs3d_ip.dat with the field corresponding to the data error removed. True 
data are included as a separate column (in program library Versions 2.0 and later). This file is 
overwritten at the end of each iteration. 

 
ipinv3d.aux  auxiliary file storing information on the progress of the inversion. This file is used for restarting the 

inversion after interruption. 
 
ipinv3d.eta  auxiliary file storing the temporary chargeability model at each iteration. This file is used for 

restarting the inversion after interruption. At the end of the inversion, it is identical to the file 
ipinv3d.chg, so it can be deleted. 

 
Example of IPINV3D Control File: The following is an example control file for IPINV3D. 
 

0           ! irest  
1, 1.0      ! mode (1, 2, or 3), par 
obs_ip.dat  ! data file 
ipinv3d.mtx ! mtx file 
0.0         ! initial model | null 
0.0         ! reference model | null 
100 100 100 ! Le, Ln, Lz | null 
w.dat       ! 3D weighting | null 
0           ! idisk (0 or 1) 
 

 
NOTE-1: A sample input file can be obtained by executing: ipinv3d -inp. 
 
NOTE-2: The default conductivity of a uniform halfspace for IP inversions should only be used for preliminary 

examination of the data. When there is little structure in the background conductivity, the inversion using 
a uniform conductivity can yield a reasonable chargeability model and it is justifiable to fit the data close 
to the expected misfit value. However, when the background conductivity deviates greatly from a 
uniform halfspace, reproducing the data to within the assumed errors will certainly result in overfitting 
the data. If the halfspace conductivity is assumed and inversion is run with mode=1, then it is prudent to 
assign a value greater than 1.0 for chifact when the background conductivity is structurally complex. The 
judgement can be made based upon the complexity of the apparent resistivity pseudo-section. 

 
NOTE-3: In general, when any form of approximate conductivity other than the one obtained from full nonlinear 

inversion of the DC resistivity data is used, it is highly recommended that the IP inversion be run with 
mode=3 so that an optimal regularization parameter is determined by the GCV analysis. 

 
NOTE-4: The restart option is only used to continue the inversion after the program has been terminated 

abnormally, for instance, after it is interrupted. If the user wants to re-invert the data by changing the 
mode or inversion parameters, a different inversion must be performed independently. 



3.6 MAKE_WDAT.EXE 
 
 This is a utility used to make a 'w.dat' file that has smoothing in the X and Y directions for the first few  
layers that underlie the topography surface.  This suppresses the tendency of the algorithm to make highly variable 
structure in these top layers of the model. 
 
Command line usage:  
 make_wdat    make_wdat.inp 
 
Format (by example) of make_wdat.inp: 
 
mesh.txt     ! mesh file 
topo.dat     ! topography file | null 
6            ! # of layers where extra smoothing will be applied 
64. 32. 16. 8. 4. 2.   ! weighting values to place in top layers of 'w.dat' 
 
 In this example, the top 6 layers below air will have extra smoothing in the X and Y directions. The first layer 
will have a smoothing value of 64, the second layer down will have weighting value 32, etc. The first “layer” is 
defined as the first cell below topography, the second “layer” is defined as the next cell down, etc. No weighting is 
applied to any cells that are in the air above topography. 
 
 Weighting values in all other cells of the mesh will remain at 1.0 .  
 



4 Synthetic Examples

4.1 Intr oduction
We presenttwo syntheticexamplesto illustrateDCIP3D Version1.0. The main featuresof

theprogramlibrary are(i) theability to handledataacquiredbothon thetopographicsurfaceand
in boreholes,(ii ) waveletaccelerationof the3D inversion,and(iii ) differentmethodsfor choosing
the optimum regularizationparameter.The first exampleservesto test the basic featuresand
numericalaspectsof theprograms,while thesecondexampledemonstratestheir performancein
thepresenceof surfacetopography.Theinversionsarethencarriedout usingdifferentparameter
settings. In both cases,the datato be invertedwere obtainedby addingindependentGaussian
randomnoiseof standarddeviation5% to the forward modelleddatafor the true model.

4.2 Example 1: Five–prism Model
The first model is comprisedof five anomalousrectangularprismsembeddedin a uniform

halfspaceof 1 mS/m. Therearethreesurfaceprismssimulatingnear-surfacedistortions,andtwo
buriedprismssimulatingdeepertargets.DC resistivity andIP datafrom bothsurfaceandcross-
hole experimentshavebeencomputed.For the forward modellingandinversion,we haveused
a meshthat is madeup of cells that are50 m 50 m 25 m in the centralregion. The meshhas
beenextendedoutwardsanddownwardswith cellsof increasingsizes.Thetotal numberof cells
is 15,548.Majority of inversionsareperformedby usingthewaveletcompressionof sensitivity
matrices.We haveusedDaubechies-4wavelet(daub2) andrequiredthereconstructionaccuracy
to be 0.02 . One set of inversionsis carriedout without the compressionto demonstratethe
consistencywith the resultsobtainedwith compression.

• Figure 1 “Five-prismModel: 3D Perspectiveview” showsa 3D view of the true model.
The conductivity and chargeability of eachregion are listed in the Table. For the surface
experiment,eleveneast-westlines were usedspaced100 m apart. Data are simulatedfor
a pole-dipolearray with a=50m and n=1 to 6. A cross-holeexperimentis also simulated
for four boreholesplacedaroundthe regionof anomalousconductivityandcross-holepole-
dipole data generated.

• Figure2 “Five-prism: ConductivityModel” displaysthedistributionof thetrueconductivity,
shownin Figure1, in onecross-sectionandtwo plan-sections.The cross-sectionshowsthe
vertical positionof the four major prismswhile the two plan-sectionsdisplaythe horizontal
locationsof the five prisms.

• Figure3 “Five-prism: ApparentConductivity” showsthe plan-mapsof the surfaceDC data
in the form of apparentconductivity in mS/m. Each map displaysthe data of the same
n-spacing.The original potentialdatahavebeencontaminatedwith uncorrelatedGaussian
noise.The dataclearly showthe presenceof threesurfaceprismsbut little canbe seenthat
indicatesthe deeperprisms. Thereare a total of 1089 observations.

• Figure4 “Five-prism: ApparentChargeability” showsthe plan-mapsof the surfaceIP data
in the form of apparentchargeability. As in the previousfigure of apparentconductivity,
only the effects of the threesurfaceprismsare visible.
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• Figure 5 “Five-prism: SurfaceDC Inversion: Mode=1” showsthe recoveredconductivity
obtainedfrom invertingthesurfaceDC resistivitydatain Figure3. Outlinesof thetrueprisms
are also overlaid. This will be the basic format for displayingthe recoveredconductivity
and chargeability modelsin this seriesof tests. The inversionusesmode=1, in which the
correcttarget misfit is specifiedanda minimum-structuremodel that reproducesthe datato
that target valueis constructed.The recoveredmodelshowsall threesurfaceprismsandthe
buriedconductiveprism well, but only showssomeindicationof the buriedresistiveprism.

• Figure6 “Five-prism: PredictedApparentConductivity:Mode=1” showsthe predicteddata
from the inversionusingmode=1of DCINV3D (Figure5). This canbe comparedwith the
observeddata shown in Figure 3. The inversion result reproducesthesedata well. This
exampleservesto show the fidelity of the predicteddatain the inversion. The subsequent
inversionsall reproducethe observationto a similar degreeand so will not be shown
individually.

• Figure7 “Five-prism: SurfaceDC Inversion: Mode=3” is the recoveredconductivitymodel
from the inversion of surface data using mode=3 of DCINV3D. The correct standard
deviationsof theerrorsaresuppliedto weight the data,but the inversionalgorithmusesthe
L-curve criterion to determinean optimum regularizationparameterand the corresponding
data misfit. The L-curve estimateproduceda final data misfit of 824, which is slightly
lower thanthe expectedmisfit of 1089. The modelis similar to that obtainedfrom mode=1
(Figure 5).

• Figure 8 “Five-prism: SurfaceDC Inversion: Mode=2” showsthe recoveredconductivity
model obtainedby inverting the surfacedata using mode=2 of DCINV3D in which the
regularizationparameterç is set to a constantvalueof 0.0885.This valueof ç waschosen
becauseit wasthe lastvalueestimatedusingtheL-curve in thepreviousexample.Thefinal
data misfit was 826.

• Figure9 “Five-prism: SurfaceDC Inversion: AIM” showstherecoveredconductivitymodel
obtained,usingDCAIM3D, after thethird iteration. This modelis not expectedto reproduce
theobservationsto theexpectedmisfit. Consequently,it is not asgoodasthepreviousones
thatwereobtainedusingDCINV3D. However,it took approximatelyonequarterof thetime
to producecomparedto mode-3of DCINV3D.

• Figure 10 “Five-prism: PredictedApparent Conductivity: AIM” showsthe predicteddata
from the DCAIM3D inversion. By comparingthis plot with the datain Figure3, it canbe
seenthat the invertedmodel doesnot reproducethe dataas well as in the inversiondone
with DCINV3D (Figure 6). The data misfit is equal to 4546, which is greaterthan the
expectedmisfit of 1089.

• Figure 11 “Five-prism: SurfaceIP Inversion: Mode=1” showsthe recoveredchargeability
modelobtainedfrom the inversionof surfaceIP datausingmode=1of IPINV3D. For this
inversion, we have calculatedthe sensitivity using the recoveredconductivity model in
Figure5. The surfaceblocksareclearly visible in the constructedchargeability model,and
the buriedchargeablematerialat depthis imagedbut thereis no indicationof two separate
prisms.
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• Figure 12 “Five-prism: PredictedApparent Chargeability: Mode=1” showsthe predicted
datafrom the inversionusingmode=1of IPINV3D. By comparingthis figurewith observed
data in Figure 4, it is seenthat the recoveredchargeability model reproducesthe data
reasonablywell. The final datamisfit of 1100is closeto the expectedmisfit of 1089.

• Figure 13 “Five-prism: SurfaceIP Inversion: Mode=3” showsthe recoveredchargeability
modelobtainedby inverting thesurfacedatausingmode=3of IPINV3D, wheretheregular-
izationparameteris calculatedusingGCV. This modelappearsto be smootherandattainsa
smalleramplitudebecausetheestimatedregularizationparameteris slightly greaterthanthe
optimal value. This result is quite satisfactoryanddemonstratesthe utility of GCV estimate
in practicalapplicationswherethe datanoiseis often poorly known.

• Figure 14 “Five-prism: SurfaceIP Inversion: Mode=3, DC:AIM” shows the recovered
chargeability modelobtainedby inverting the surfacedatausing the sensitivitiescalculated
from the conductivity model recoveredin DCAIM3D inversion (Figure 9). Since the
conductivity is a poorerapproximation,the GCV option (mode=3) is usedto estimatethe
regularizationparameter.Sincethis result is similar to the previousinversion(Figure 13)
wherethe sensitivitieswerecalculatedusingthe conductivity from DCINV3D, it illustrates
that a full DCINV3D inversionis not alwaysnecessaryto get a goodIP result.

• Figure 15 “Five-prism: SurfaceDC Inversion: Mode=1, No Compression” and Figure16
“Five-prism: SurfaceIP Inversion: Mode=1,No Compression” showthe recoveredconduc-
tivity andchargeability modelsobtainedfrom inversionsin which the waveletcompression
of sensitivity matrix is not used. This set of figuresare presentedto show the savingsin
the CPU time that can be producedby using wavelet compression. Thesefigures show
that inversionresultsare similar to thosein Figures5 and11. However,to obtainedthese
similar results,the inversionswithout compressiontook much longer to complete. It took
33% longer to produceFigure15 then Figure5; and Figure16 took 10 times longer than
Figure11.

• Figures17 and18 showthe cross-holeDC andIP (secondarypotential)dataobtainedfrom
the four boreholesin Figure1. As discussedin the Introduction,in the cross-holesituation,
neitherapparentconductivitynor apparentchargeabilitycanbedefined.It is thenappropriate
to plot thepotentialsdirectly. This alsomakesthedirect interpretationof datamoredifficult.

• Figures19 and 20 show the DC and IP resultsobtainedfrom the joint inversionsof both
surfaceandcross-holedata.Note that theburiedblocksaremorevisible thanwhenonly the
surfacedatawas inverted(Figures5 and 14). This is becausethe boreholedataare more
sensitiveto the vertical location of the anomalieswhile the surfacedatacan betterdefine
thehorizontallocations.The two datasetscontaincomplementaryinformationandthe joint
inversion improvesthe resolutionof the recoveredmodel.
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Figure 1

0 100 200
è

300 400
é

500
ê

600 700 800 900 1000

Easting (m) 0
100

200
300

400
500

600
700

800
900

100
0

No
rth

ing
 (m

)

0
10

0
20

0
30

0
40

0
50

0

D
ep

th
 (m

)

A
ë

B

C
ì

D

S1
í

S2
í

S3
í

B1 B2
î

Prism
Conductivity
ï

(mS/m)
Char
ï

geabilityð (%)

S1 10 5
ñ

S2 5
ñ

5
ñ

S3 0.5
ò

5
ñ

B1
ó

0.5
ò

15

B2
ó

10 15

Five-prism:  3D Perspective View

53



Figure 2
Five-prism: Conductivity Model
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Figure 3
Five-prism: Apparent Conductivity

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 4
Five-prism: Apparent Chargeability

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 5
Five-prism: Surface DC Inversion: Mode = 1

(chifact = 1, σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 6
Five-prism: Predicted Apparent Conductivity: Mode=1

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 7
Five-prism: Surface DC Inversion: Mode = 3

(σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 8
Five-prism: Surface DC Inversion: Mode = 2

(µ = 0.0885, σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 9
Five-prism: Surface DC Inversion: AIM
(iter = 3, σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 10
Five-prism: Predicted Apparent Conductivity: AIM
(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 11
Five-prism: Surface IP Inversion: Mode = 1

(DC: Mode 1; chifact = 1, Lx=Ly=Lz=100)
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Figure 12
Five-prism: Predicted Apparent Chargeability: Mode=1

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 13
Five-prism: Surface IP Inversion: Mode = 3

(DC: Mode 1; Lx=Ly=Lz=100)
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Figure 14
Five-prism: Surface IP Inversion: Mode = 3

(DC: AIM, iter = 3;  Lx=Ly=Lz=100)
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Figure 15
Five-prism: Surface DC Inversion: Mode = 1, No Compression

(chifact = 1, σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 16
Five-prism: Surface IP Inversion: Mode = 1, No Compression

(DC: Mode 1; chifact = 1, Lx=Ly=Lz=100)
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Figure 17
Five-prism: DC Potential

(Cross-hole, pole-dipole, a = 50m)
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Figure 18
Five-prism: Secondary potential
(Cross-hole, pole-dipole, a = 50m)
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Figure 19
Five-prism: Joint DC Inversion: Mode = 1
(chifact = 1, σref = 1mS/m, Lx=Ly=Lz=100)
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Figure 20
Five-prism: Joint IP Inversion: Mode = 3

(DC: Mode 1; Lx=Ly=Lz=100)
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4.3 Example 2: Pyramid Model

Thismodelconsistsof asingleconductive(100mS/m)andchargeable(15%) blockburiedin
a uniform halfspace(1 mS/m)belowa pyramid-shapedsurfacetopography.Thedepthto thetop
of theprismfrom theapexof thepyramidis 100 m. As in Example1, for theforwardmodelling
andinversion,we haveuseda meshthat is madeup of cells that are50 m 50 m 25 m in the
centralregion. The meshhasbeenextendedoutwardsanddownwardswith cells of increasing
sizes. The total numberof cells is 15,548.

• Figure 21 “Pyramid Model” showsa 3D view of the topographyand the location of the
block. Thesizeof themeshandthe locationsof thesurfacedataareidenticalto Example1.
Eleveneast-westlines wereusedspaced100 m apart. Dataaresimulatedfor a pole-dipole
array with a=50m and n=1 to 6.

• Figures22 and 23 show the observedsyntheticconductivitiesand chargeabilitiesfor the
model in Figure21 after the additionof 5% Gaussiannoise.The DC dataarecharacterized
by a conductivepeakaccompaniedby a resistivetrough to the east. Theseare mainly the
responseto the surfacetopographyand the anomalydue to the buried prism is obscured.
The apparentchargeability datashow a similar pattern.

• Figures24and25showtherecoveredconductivityandchargeabilitymodelsafterperforming
DC andIP inversions.In both inversions,we havesuppliedthecorrectdataerrorsandused
the mode=1of the inversionprogram. In both cases,the inversionis able to separatethe
anomalydueto thetopographyfrom thatproducedby theburiedtarget. Theresultingmodels
clearly imagea conductive,chargeableburied block.
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Figure 21
Pyramid Model

(SurfacePDR,a=50m,n = 1,6; LS = 100m,LO=EW)

74



Figure 22
Pyramid: Apparent Conductivity

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 23
Pyramid: Apparent Chargeability

(Surface PDR, a = 50m, n = 1, 6; LS=100m, LO=EW)
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Figure 24
Pyramid: Surface DC Inversion: Mode = 1

(chifact = 1.2, σref = .96 mS/m, Lx=Ly=Lz=100)
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Figure 25
Pyramid: Surface IP Inversion: Mode = 1

(chifact = 1., Lx=Ly=Lz=100)
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5 Field Example — Mt. Milligan
Mt. Milligan is a Cu-Au porphyrydepositsituatedin north centralBritish Columbia. The

pole-dipole(a=50m, n=1 to 4) DC andIP surveyswerecarriedout alongeleveneast-westlines
spaced100 metresapart. The areaof the survey is 1200m by 1000m, which has a gentle
surfacetopographywith a total relief of about100 m. The inversionis performedin a region
that is directly below this areaand extendsto a depthof 500 m.

• Figures26 and27 showtheobservedapparentconductivitiesandchargeabilitiescollectedat
Mt. Milligan. The total numberof DC andIP datais 943. The apparentconductivitydata
mainly showa resistivecentralregionsurroundedby moreconductiveanomalies,while the
apparentchargeability datashowlarge anomaliestowardsthewesternandsouthernregions.
The north centralregion of low apparentchargeability is relatedto the intrusivestock that
hassignificantly lesssulphidefrom the alterationprocesses.

• Figure28 showsthe recoveredconductivitymodel. The meshusedfor the inversionswas
madeup of 25 m 25 m 12.5 m cells in thecentralregion. Thetotal numberof cells in the
modelmeshis 72576.Sincethereis topography,the total numberof cells in themodelwas
reducedto 64335.We haveuseda best-fittinguniform halfspaceof 3 mS/masthereference
modelandsetthecoefficientsof the objectivefunction to ô!õ�öz÷Wøj÷1÷1÷	ù1ú�ô!ûüöýô!þröhô!ÿXötù .
We have assigneda standarddeviation of 5% to the data to supply a relative weight for
the data misfit function, but the inversion is carried out using mode=3. The final misfit
is thereforedeterminedby the optimal regularizationparameterselectedusing the L-curve
criterion The model is characterizedby a central resistive region surroundedby a more
conductivehalo. The resistivecorecorrespondsto themonzonitestock. This is a consistent
imagewith the known geologyof the deposit.

• Figure29 showsthe recoveredchargeability model. The meshusedfor the inversionis the
sameas that for the DC inversion. The standarddeviation of the data is set to 5% and
a small minimum. The inversion is carriedout using mode=3of IPINV3D, in which the
optimal regularizationparameteris chosenby GCV criterion. The recoveredmodel is quite
smoothand showsclearly a centralzoneof low chargeability.

• Figures30 and 31 show the predicteddata from the inversion in Figures28 and 29. By
comparingthesefigureswith Figures26 an 27, it is seenthat the inversionswere able to
constructmodelsthat reproducedthe datawell.
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Figure 26

Mt. Milligan Apparent Conductivity
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Figure 27

Mt. Milligan Apparent Chargeability
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Figure 28

Mt. Milligan: DC Inversion
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Figure 29

Mt. Milligan: IP Inversion
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Figure 30

Mt. Milligan Predicted Apparent Conductivity
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Figure 31

Mt. Milligan Predicted Apparent Chargeability
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