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Abstract

This working paper describes a collection of LISP programs wurltten
to examine the backs of printed circuit boards. These programs find and
trace the conductive uires plated on the insulating material. The
"pads”, or solder connections betueen these plated uires and leads from
components on the front of the board, are also recognized and located by
these programs. :

Work reported herein was conducted at the Artificial Intelligence
Laboratory, a Massachusetts Institute of Technology research program
supported in part by the Advanced Research Projects Agency of the
Department of Defense and monitored by the Office of Naval Research
under Contract Number NB0814-78-A-9362-880S.

Working Papers are informal papers intended for internal use.
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1. INTOOUCTION

This working paper describes a collection of LISP programs uritten

to examine the backs of printed circuit boards. These programs find and

trace the plated uires as uell as detect "pads" on them. 1 see this as

a part of preliminary work touard a number of goalss

1.

2.

3.

The mini-robot
The A.I. Lab’s Mini-Robot project has chosen elocfroniéo
inspection and repair as a task area for new research in vision and
robotics. A system such as this one could be used as a specialist
in a number of applications. For example, éuppoee the nini-rqbot
uishes to place a probe on a rather inaccessible transistor lead.
A solution might be to turn the boaﬁd over, find th§ pad
corresponding to that lead, and trace the clrculf leading from that
pad to another, more accessible spot.
Industrial applications
The time is ripe for the application of Qophisticated vision
to industrial problems, particularily in such areas as visual
inspection. Already work has been done In developing an automatic
inspector to examine plated wires on printed circuit boards <1>.
Thess programs might form the basis for a system which could
inﬁpect solder joints on such boards.
Vision and higher level knouledge |
It is generally felt that the mini-worid of-uﬁlte-faced blocks
has been exhausted, at least visually. This work is a step in the

exploration of a neu one - the mini-world of circutt boardo and
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electrical components. This uor]d should allow for, and require, &
richer base of higher-level knouledge. At the same time, it i
still narrow enough to make it tracfable. Al though these programs
themseives do not require a great deal of higher-level knouiedga.
they could be used in a larger system which knous about the front
and back of circuit boards and how they interact. For example,
examining the back of a circuit board might be a good uay to
suggest where other programs should look for components on the

front.
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11. THE PROBLEM

2.1 Goals And Strategies

Several different strategies might be used to examine thes backs of
circuit boards. UWe might, for example, use a multiple pasé procedure in
which "feature points" are first dotoctgd by local predicates, and then
later grouped together to form Wires. The Horn-Binford line finder <2>
might be modified to perform reasonably well at this task. Another
approach would center around a wire tracking system, simiiar to more
recent line finders <3,4>.

Tﬁe approach selected must depend on the particular goals we wish
to accomplish. In this uwork, several applications were envisioned:

1. Find a particular pad and trace the uires leading from it to

. another pad. | ,

2. Find a particular pad and inspect the soldering.-

3. Find all the pads in a specified area.

4. Find all the pads on the board.

5. Oevelope a complete description of the board.'lncludlng the

location of pads, paths followed by wires, etc.

Our strategy must also depend on uwhat the image of the back of a
prlnted circulit board looks |ike under our input device. Sevehal boards
have been examined, and the programs tested on them. Figure 2.1 Shquo
the result of scans across typical uires oﬁ the board. Note that there

is good contrast betueen the dark insulating material and the bright

plated uires.
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Were contrast this good throughout the picture, the problem would
be conalderablu simplified to that of dealing with a binary Image.
Contrast is significantly reduced, houever, in certain cases. Figure
2.2 shous another scan across a uire. Here, the scan has fallen vorﬁ
close to a pad. The blob of soider on the pad cnto' a shadou which has
greatly reduced the intensity. | Additional veriations Ip the contrast
can occur when the board is constructed of a semi-transiucent material.
Figure 2.3 shous a scan where the intensity of the background insulator
Is raised by printing on the front of the board.

Because of a number of factors, a tricklng type approach uas taken
for this uwork. Tracking is the natural choice for the. first of the
prevloﬁslu mentioned goals, that of follbﬁinq a wire from one pad to
another. This task is included in proposed scenarios for the Micro-
Automation project. The other goals should also be amenable to a
tracking approach.

Recognizing pads is also more easily done by a tracking procedure
because of their non-local nature. A pad can be easily recognized as a
"bulge® in a uire. Pads can thus be detected by monitoring the uidth of
thﬁ Wire as we track it. If the uidth eu&denlu increases, and then
decreases, a pad is hypothesized. A tracking process uill also allou us
to make use of local context in other ways. For exanplp. 1f e
hypothssize a pad when tracking a Hire, .ue can anticipate shadous and

adjust our throsho_lde accordingly.

' 2.3 Baprasantation - Ihe Oata Base

For the purposes of this work, the following conventions are used.
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A circuit board is made up of one or more CIRCUITs, each of uhich is
comprised of a connected (and possibly 'braﬁchingi path of plated uire.
NODEs divide a circuit into one or more SEGMENTs, which are eections of
a clrcult. A NODE is either :

1. The end of a branch of the circuit.

2. A place uhere the circuit branches.

3. A PAD, or place uhers a wire comes thru from the front of the -

board and is soldered down.

Figure 2.4 shous a typical élrcult and its parts.

The data base is made up of a network of information which is
stored on property lists. The network character is achieved by the
judicious use of "back pointers". For example, NODE9 in firgure 2.4

would look |ike this:

NODES
COORDINATES : (512 432)
CIRCUIT t circuitd
SEGMENTS : (segmentS segmentt ségnntll)
TYPE s branch |
SUSPECTS : (51.3 178.5 268.7 355.4)

FAILED-SUSPECTS (51.3)
HYPOTHESIZED-TYPE pad
I‘EIGPBDCR—MES s (node8 nodel8 nodell)
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111. THE PROGRAMS

This section contains a description of the general strategies used
in examining the backs of circuit boards and a more detailed explanation
of‘oome of the algorithms. Figure 3.1 shous the major higher level
functions and the flou of control betwsen them.

The top Ieyel function, TRACE-CIRCUIT, is given the coordinates of
a point on or very near a plece of conductor. It centers itself on the
conducting uire and calis TRACE-FROM-NODE to begin tracklhg the circuit.

The actlon.of the system revolves around tuo main routines: TRACE-
FROM-NODE and TRACE-SEGMENT. Starting at a node, the function TRACE-
FROM-NODE finds all segments leaving that hode and app!ies TRACE-SEGMENT
to each of them in turn. TRACE-SEGMENT tracks the segment until it
ends, or until another nods is hupotheelzed. ltithen applles TRACE-
FROM-NODE to this point. Thus a circuit is explored in a sort of ‘dopth

first tree searchﬁ,nannar.

3.1 Iracing from a Node
Finding and tracking all the sagnenté leaving a node is done using
a suspect-generation/verification technique. The basic procedure is
outiined as follous: |
1. Suspect segments leaving the node.are proposed.
2. If any segments are knoun to end at this node, the suspects
which correspond to them are deleted from the suspect-iist.

Unless the node is the initial one created by TRACE-CIRCUIT,
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there uill be at |least one such knoun subject.

3. A suspect is either verified or rejected.

4. I¢ verified, the segment is passed to the function TRACE-
SEGMENT for tracking.

5.. Steps (2) and (3) are repeated until al!l the suspects found in
(1) have been checked. o

6. The node is then re-examined to determine its type.

Einding Suspect Segments
Circular search is the basic technique used for generating
suspects. A circle of points around the node is scanned and examined to
find suspect segments. The radius of thfs circle is determined by
trading off several factors. Since nodes often appear as large blobs
sthich cast shadous, We uant to sampie points far enough auway to assure a
good view of the segments leading into it. Similarly, a large radlqp'
. Will be more accurate if we start with a poor initial estimate of the
nod?’s center. On the other hand, a large circle uill intersect
unconnected neighboring circuits, resulting in many spurious suspects.
A 6ood value for this radius (eFIND-SUSPECTS-RADIUS) uwas found to be
about two to three times the width of a typical wire (see figure 3.2).
Ospending qn various conditions, one of two procedures is used in
examining the points. If the picture is noley, the contrast poor, or
there Is a good deal of lou-frequency intensity drift across the séene.
these points are filtered by a first differencing oberatlon and éveragod
err @ distance oFIRST-DIFFERENCE-DELTA (about one half the typical wire

width). HMaximum and minimum peaks in theses values are then found uiing
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an algorithm from Sharai <3>. The peaks are then matched to form
positive and negative pairs, which corrnpénd to cross-ssctions of the
wire. Criteria for-. pairing are:

1. The height of the tuo peaks must be within 76X of one another.

2. The separation between them must be between certain minimum and

maximum values (eMINIMUM-WIRE-WIDTH and eMAXIMUM-WIRE-WIDTH).

When two peaks are so matched, they are merged to form a "wire®, and its
Wwidth, maximum Iﬁtenaltu. average intensity, and position are noted.  In
- addition, the average intensity of the "background" around the uwire is
noted. This, together with the uire's average intensity, i Iafor used
to calculate intensity thresholds which can be applied to detect the
wire. 5

If the picture is of better quality, the filtering-averaging step
is eliminated. In this case, the circular intensity array is examined
dlréctlu fo_r positive peaks, again using an algorithm similar to
Sharai’s. Any peak above the threshold edIRE-TH which is within the
minimum and maximum allouable uidths is taken as a possible uire. Again

the uidthe, intensities, and positions of these peaks are recorded.

Suspect Yerification
Once a suspect has been found, a two step verification procedure is -
applied. HWe first determine if the suspect segment actualiy runs into
the node, or if it is part of a separate um_:ohnectcd circuit. This is
done by scanning a band of points along a |ine betueen the center of the

npdo and the location of the suspect and comparing their intensities to

a threshold.



PAGE 14

A node is typically a pad where a wire from the front of the
circult board comes thru and is soldered .down. Under all but the most
diffused lighting, the lead and solder blob cast shadous uh‘icﬁ can
obscure part of the node and segments le'ad.i-'ng into it. Another problén
ar_-lses when ue are not situated on the center of the node. In this ca?e
the band of'polrite may skirt along the edge of the background insulating
material. For thess reasons, the follouing' criteria for connectedness
are used. | |

The sampled bo_lnts are examined for.valuea less than the fhruhold
- oCONNECTED-TH. This threshold is chosen to be slightly less than the
current value of eMIRE-TH to offset the probiem of weakly shadoued
regions. To handle the problem of small darkly shadowed patches and
sl ight excursions into the background, we uill accept points belon the
threshold if they are isolated or occﬁr in short sequences. The maximum
length of such a sequence, @CONNECTED-GAP, is chosen to be about one-
third the typical wire uidth. If no Ioné dark stretches are found, then

the segment is taken to be connected to i_ha node (see figure 3.3).

In the second part of the verification, we determine that the
suspect is indeed a segment, and get a better estimate on its ui_dth.
average brightness, and local direction. .' -This is done by the function
SAMPLE-TRACK uwhich applies FIND-WIRE at several points along the
hypothesized direction of the segment (see figure 3.4). The function
FIND-WIRE scans a band of points perpendicular to the hypothesized
direction of the segment and uses procedures similar to those in the

circular search to detect the uires. If more than one is found, the one
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closest to the center of the scan is roturha&.

[f wires are found in three out of four attempts, SAMPLE-TRACK fits
a line to their centers to determine the local direction of the segment.
This direction, along with the wire’s average uidth and brightness and
the average brlghtneqo of the background a;oﬁnd the uire is passed to
the function FOLLOW-SEGMENT. 1f fewer thaﬁ the requisite number are
found.lthe suspect segment fails verlficatjon. Figure 3.5 shous the
' results of TRACE-FROM-NODE on the previous: figure.

3.2 Iracking a Segment "
' My first attempt at tracking the segqente was a procedure which
applied the function FIND-WIRE along the'hypothealzod direction. This
is the standard sort of "line following” fechnique used by Lerman <4>
and Sharai <3>. Additions were made in the form of afeorvojng mechanism
to follou the curves, and a step size (distance between scans) uhich
varied uith the local curvature of the sednent. Tho this uworked well,
it left several problems: |
1. Insuring continuity
The back of a circuit board_has many wires which may run very
close together. UWe uant to be sur§ that.ue.do not jump from one
to another (figure 3.6a). This forces ue to-keép the separation
betueen scan lines small.
2. Detecting branches
Unless a scan line falls exactly on the place where a circuit
branches, that branch will be missed (figure 3.6b). To detect

these branches, we must either keep the scan separation small or
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scan along additional |ines parallel to the segment.
3. Detecting pads
Pads are detected by noticing a "bulge" in the uidth of the

wire. Pads may be missed uniess we use closely sst scan |ines

(figure 3.6c).

Tho keeping the scan separation to a minimum solves all three
problems, It forces us to sample and examine a large number of points,
many more than are neccessary to merely follow the segment. For this
reason, a different approach was developed. The basic idea is to scan
along |ines parallel to the direction of the segment. Points inside the
uire and on either side are examined. The inside track insures that we
are still on the wire and that it is continuous, uwhile the side scans
are used to servo the direction and propose pads and branches. Unless
the picture is very bad, a simple threshold can be used to distinguish
the conducting wire from the insulating background. This threshold is
alliowed to "float” so that it uill be goo&_ for at least, a local area of
the picture. This procedurs can be vleuec_j as a special case of scanning
along |ines perpendicular to the segwment - one in which we sample a

minimum number of points.

3.3 Brobing a Segment _

In follouwing a segment, the basic procedure is to "step” the
function PROBE along the hypothesized direction of the wire. This
function samples points within and on elf_her side of the uire,

thresholds them; and determines whether ue should go foruard, turn right
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or left, or' stop tracking. If PROBE’s advice is to turn or go foruard,
a neu point is calculated and .the process continued. [f PROBE suggests
stopping, additional procedures are invoked which make a closer
examination of the situation.

The PROBE

Figure 3.7 shous one application of PROBE along a segment. The
point C, the hypothesized center of the wire, is first sampled. If its
intensity is below the threshoid ePROBE-TH, *STOP* is returned,
indicating the end of .the_ segment, a shadow, or noise. If It is above
this threshold, then the tuo points L and R are sampled. The points are
situated at é distance D1 from the point C in a direction perpendicular
to the hypothesized segment direction. This distance is chosen to be
80% of the segment’s typical width. [f both these points are belou the
threshold, then we are roughly centered on the segment and PROBE returns
*FORWARD’. 1f both points are above the threshoid, a pad is
hypothesized, PROBE returning °*PAD’.

The other casés. in which one of the points is above the threshold
and the other belou, are ambiguous. UWe may simply have wandered from
the center of the segment, or we may have reached a branch in the
clrcuit. To differentiate these cases, an auxiliary point is sampled
on the side uhich was above the threshold. This point is located a
distance D2 from C, this distance being 1.7S times the uidth of the
segment. I[f the intensity at this point is greater than the threshold,
PROBE hypothesizes a branch touard that side (returning ’*SUSPECT-LEFT’,
or -RIGHT'). If the point is belou the threshold, then PROBE reports

that ue have wandered from the center of the uire, returning ° TURN-
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RIGHT® or °'TURN-LEFT’. Figure 3.8 shous a flou chart for PROBE.

It is important to sample these extra points only when the closer
side scans suggest it. This is because the circuits may run close to
one another, rasulting in many false branch hypotheses if the outermost
side scans uere continual ly checked.

EQLLOW-SEGMENT

The function FOLLOW-SEGMENT does the work of guiding PROBE, stepping
it along the wire (using the feedback to servo the direction). and
adjusting the various parameters PROBE uses. FOLLOW-SEGMENT ls
initially given the follouwing description of the segment (obtained from
the call to SAMPLE-TRACK uhen the segment ﬁaa vufified):

1. An initial point on the uire.

2. An initial direction.

3. The uwire’s average width (W).

4. The average brightness of the uire (Bl).

5. The average brightness of the background around the sampled

part of the wire (B2).
From theses values, various parameters are calculated for the tracking
process. The major parameters are:
ePROBE-TH <-- B2 + 8.4x(Bl1 - B2)
ePROBE-STRIDE <-- 8.33#W
cPROBE-SIDE-STE? <-- 8.25+4

Once these have been calculated, Probe is applied to the initial
point. If é node or the end of the segment is not proposed, a neu
point is calculated and the process repeated. The coordinates of this

new point depend on PROBE'e return as follous:
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1. FORWARD
Step ePROBE-STEP units foruard.

2. TURN-RIGHT
Decrement the current direction by ePROBE-ANGLE-INCREMENT , step
touards the left (perpendicular to the direction) ePROBE-SIDE-
STEP units, and step foruard in the new direction.

3. TURN-LEFT
Similar to above, but in the opposite direction.

1+ PROBE returns SUSPECT-RIGHT, SUSPECT-LEFT or PAD, FOLLOW-SEGMENT
defers to HYPOTHESIZE-NODE. This function continues to step PROBE along
the current direction until the nature of the segment changes. It then
. creates a hypothesized node miduay betueen the first and last suspect
reported by PROBE.

I1f PROBE reports the end of a segment, a closer look must be taken.
A number of situations might cause the hypothesis of the end of a
segment besides its actual termination. We may have run into a shadow
near a node, some noise, or a corner too sharp to navigate with our
simple curve foilouing mechanism. [t might aiso be the case that the
threshold (ePROBE-TH) ue originally calculated is no longer suitable to
detect the uire.

FOLLOW-SEGMENT attempts to find a continuation of the wire calling
SAMPLE-TRACK to take a more detailed look. As described before, this
function applies FIND-WIRE to points along the hypothesized direction of
the segment. If wires are detected, the dé.acripfion of these wires is
used to recalculate the "pr-oplng" parameters. The process is then

resumed with the neu initial point and direction. If no wires are
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found, the end of the segment is hypothesized, and control returned to
TRACE-SEGMENT. Figure 3.9 attempts to give a graphica! description of

thie process, shouing PROBE rounding a curve and stopping at a branch.



PAGE 25

IV. BESULTS AND CONCLUSIONS

4.1 Results |

These programs, together with an additional module TRACE-FROM-PINS
were tested on several printed circuit boards uith good results. A
common type of circult board has moet of its circuits terminating at a
strip of pins on one side of the board. TRACE-FROM-PINS, is given the
endpoints of a |ine which crosses this strip and scans along this |ine.
Whenever it discovers a uire, TRACE-CIRCUIT is applied to this point.

Figure 4.1 shous the results of this process applied to a typical
board. THACE-FROH;PINS was given the coordinates of the points A and B
and correctly found all of the pins. Note that some of the pins are no
more than solider blobs, with no circuits attached. The simple mechaniem
for following segments worked surprisingiy uell, all of the segments
being properly tracked.

The programs are currently someuwhat liberal in hypothesizing nodes.
Pads are sometimes falsely proposed at points of large local curvature
on a segment. This could easily be fixed by the addition of a pad
verifier which takes a finer look when a pad is proposed. In certain
situations, pads can also be missed. In these cases, two pads are so
close together that they appear as one large "blob", and only one is

proposed.

4.2 Problems and Euture Hork
One problem not addressed is that of forming a complete

representation of the board. The difficulty, particulariy with a
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tracking type strategg. lies in insuring that all the circuits have been
discovered and none missed. An allied problem is recognizing an already
explorﬁd circuit when ue stumble upon it in another place. To solve
 these problems. the entire scene could be divided into an array of
regions, and some sort of muti-entry bucket coding procedure <6> used to
keep track of knoun segments and unexplored suspects.

Pad specialists should be uritten which closely examine a node once
it has been proposed. This is necessarg'to differentiate branches which
are also pads from those that are not. Similarly a closer look at
merged pads might detect evidence of two leads, or a “&umb-bell“ shape.

Work on a pad inspector can also be done. Several different kinds
of bad soider joints are easily detected by the trained human eye.
Denetted or over-heated solder connectioﬁs, for example, appear to have
a rough, spotty texture instead of a smooth, glossy one. Insufficient
solder can be recognized by detecting a depression or pit in the solder
above the lead hole.

Some additional higher level knouledge ui!l also be neccessary for
some applications; For example, the nature of some components on the
front of the board can be guessed by the pattern of pads on the back
(e.g. transistors, ICs). This would be very useful) if we are using the

back of the circuit board to propose locations of components on the

front.
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