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Abstract

In order to model certain classesof system communications delays, the SingleSensorTacker
(SST) componert of the System PerformanceEvaluation Tool (SPET) hasbeengeneralizedto
processmultiple (logical) data scansin a single evocation of the basic Track, Hit assaiation
methods. This extension posesa number of problems for the baselineSPET tracking architec-
ture, with signi cant issuesarising within the current TrackSummary framework for maintain-
ing precisiontrajectory information. The W orkingSummaryManager  object de ned in this
note provides a framework for resolving these di culties. The initial implemenrtation for this
object is presened, noting extensionsthat will be required oncethe TrackSummary object
of SPET is fully implemented. Changeswithin the baselineSPET SST, MST operations are
discussedfrom two perspectives: i) a full implementation basedon real, independertly owned
TrackSummary objects , and ii) an initial implementation suitable for the presen, incomplete
TrackSummary status within SPET.
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1 Problem De nition

The problemsaddressedn this note are ultimately problemsof “ownership' of a basictra jectory estimation
object within SPET tracks. The immediate problem is a direct consequencef one of the basicfactorizations
within the overall SPET architecture for tracking:

1. Fundamerntal Track, Hit assaiations are donein the SingleSensorTacker (SST) objects,
using precision propagator models (\Enhanced SimpleTracks") as available.

2. The precision propagators are available through TrackSummary objects that are man-
aged(and, in fact, owned) by a separateMultiSensorTracker (MST) within SPET.

The essetial problem hasto do with ownership and maintenance of the TrackSummary componerts of
the Enhanced SimpleTracks within the SSTs. In particular, Track and TrackSummary objects are updated
with new Detections solely within the MSTs. Within the overall SPET architecture, this separation of
ownershipis essetial. The fall-out from independent, SST-directed modi cations of MST tracks would be
widespreadand troublesome.

The existing SPET model of SST, MST interactions is summarizedin Section 1.1. The di culties
assaiated with this procedure are described in Section 1.2. The rest of this note presens a proposed
solution of the ownership issues,both near term (minimal extensionsof existing SPET objects) and long
term (requiring designand implemenrtation of a full TrackSummary classhierarchy).

1.1 Standard Practices

Schematic SST Processing (Partial)
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Figure 1: Schematic illustration of basic SST Track extensions.

Basic processingwithin the SST is as illustrated in Fig.(1). It should be stressedthat this schematic
assumesthat the incoming data set represerts a single logical scan of input. The ‘remote ownership'
of the TrackSummary content during extensionsof the Enhanced SimpleTrack collection is maintained as
follows:

1. Track, Hit assaiations and (provisional) new track creations are identi ed through an assaiation
algorithm requiring only state predictions (const access)of the existing TrackSummary componerts.

2. The purely SimpleTrack aspectsof identied assaiations and splits are e ected immediately within
the SST. (In particular, assaiated Detections are immediately addedto SimpleTracks.)

3. Additional TrackUp date objects are created, marking the extensionsand splits of the assaiated
precision propagator componerts.

4. Updates to the actual TrackSummary componerts are not done until the MST eventually receives
and processeghese TrackUpdate messages.



When the MST nally receives the TrackUpdate messagesthe underlying detection assaiations and
track split are performed, and messagesare sert badk to the SSTs, providing updated states for the
TrackSummary objects. This procedureworks well, aslong as MST and SST processingsare interleaved.

1.2 Problems With Standard Practices

Interactions among SST and MST are rather dierent in the presenceof communications delays. For
purposesof this note, the relevant e ect of thesedelays is:

Multiple/Bundled Data Sets

As a result of communications delays and assaiated “data bundling' within the overall sim-
ulation architecture, the data set entering into Fig.(1) will possibly include detections from
multiple logical scans.

In the presenceof communications delays, the notional Fig.(1) model of \Complete Single-Scaninter-
action" betweenSST and MST componerts is inadequate. Instead, the required extensionsof the baseline
SPET tracking proceduresare largely as follows:

1. The full input data setis resolved into a number of disjoint logical scans.
2. The full assaiation/rep ort processingis done for eat of the derived scans.

3. A set of TrackUpdate messagess sert to the MST, summarizing the net e ects of the
multi-scan SST processing.

This is illustrated in the schematic ow diagram in Fig.(2).
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Figure 2: Extensions of the basic processingschematic to accommalate multiple logical data scansin the
input data set.

1.2.1 An Aside: Logical Scans

The term "Logical Scan' used above warrants clari cation. The underlying Track, Hit assaiation proce-
dures for Enhanced SimpleTracks are basedon optimal assa@iations of incoming data sets with existing
tracks. Thesealgorithms e ectiv ely assumefull and fully-separated data setsin the sensethat:



1. Each (logical) data set cortains returns from all targets that can be seenat a given time.
2. No individual target generatesmultiple detectionswithin a singleidenti ed data scan.

For now, the practical issuesof generating these data scansfrom a single, large incoming data set are
ignored. It is simply assumedthat such a scangeneration preprocessorexists, partitioning large input sets
into subsetsassaiated with individual scans.

1.2.2 Essential Issues

Most of the software modi cations of the SPET SST proceduresrequired for Fig.(2) are straightforward.
There is, however, one substartial exception related to the SST, MST factorization through TrackSum-
mary objects. Three particular problems in this regard are illustrated in Fig.(3). The issuesassaiated
with Fig.(3) are arbitrarily named "Problem 1', "Problem 2' and "Problem 3', as follows:

Schematic Multi-Scan Association Issues
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Figure 3: Problematic extend/split situations for robust implementations of the schematic in Fig.(2).

Problem 1: An EnhancedSimpleTrack (T;) is split into two tracks during the third scanof the (derived)
multi-scan data set. In orderto participate in the full Track, Hit assaiations after Scan2, a precision
model (i.e., a TrackSummary) is neededfor the new track (T,) created at the split.

Problem 2: Thesplit T,! T,+ T3 in Scan5 provides an additional complication in that the parent track
T, did not exist at the start of processing. The MST knows nothing about the split that produced
T,, meaningthat the TrackUpdate messageannouncingthe secondsplit is problematic.

Problem3: While the track splittings assaiated with Problem 1 and Problem 2 are mildly annoying,
it is, in fact, the single-track extensionsof Problem 3 that indicate the more fundamertal issuein
proceduresfor the multi-scan processingof Fig.(2):

The TrackSummary represertation available at the start of a multi-scan Track, Hit assai-
ation sequencemay not provide an adequaterepresertation of the actual target tra jectory
over the full time window of the data.

In the “Problem 3' example, the discrepanciesbetweenthe nominal and actual trajectoriesis eventu-
ally large enoughthat assaiation scorescould well exceedheuristic cuto s.



The diculties assaiated with Fig.(3) are signi cant. One solution to these di culties would be as
follows:

1. At the start of multi-scan processing,the (remotely owned) TrackSummary componerts
of Enhanced SimpleTracks are replacedby locally-owned copies("Clones', in the standard
SPET object sense).

2. For eadch processingscan in Figs.(2,3), the local TrackSummary objects are up dated
immediately basedon assaiations and splits determined at that scan.

3. The full TrackUpdate list reported to the MST at the end of Fig.(2) is built up from the
single scanassaiations of item 2.

The W orkingSummaryManager  object de ned in the next section provides a straightforward meansof
implementing this generalizedprocessingprocedure.

2 Overview:. The WorkingSummaryManager Ob ject

The W orkingSummaryManager  object is intro ducedto resolve the problemsnoted in the previous sec-
tion. At a qualitativ e level, this object replacesthe TrackSummary componerts of Enhanced SimpleTracks
with suitable, locally owned clones. The full Track manipulations normally done by the MSTs are done by
the WorkingSummaryManagerthroughout the various processingstepsimplied in Figs.(2,3). The original,
unextended TrackSummary componerts can be restored at the end of processing,although, as discussed
belaw, it is not clear that this capability is either necessaryor useful.

The essettial methods of the WorkingSummaryManager are as follows:

1. Clear(): Clear all internal data objects, in preparation for new processingin the senseof Figs.(2,3).

2. AddSimpleT racks( SimpleT rackLink edList& slist ): For all Enhanced SimpleTracks in the
supplied list, clone and replacethe TrackSummary componert. Internal bookkeepingobjects for the
SimpleTrack are also created.

3. Pro cessUpdates( TUV& input, TUV& output) (where "TUV' is shorthand for a vector of
TrackUpdate objects): Processthe standard SST updates (in the senseof Fig.(1)) for a single scan
of data. This involvesactual data additions and splitting of the cloned tracks and preparation of an
assaiated set of updates, wxpressedin terms of the original TrackSummary IDs.

4. RestoreOriginalSummaries(): Replacethe TrackSummary componerts of the previously added
SimpleTracks to their original, unmodi ed values.

There are somesketchy areasin this description - most notably, the nature of the \associated" Track-
Updates for the MST in Pro cessUpdates() descriptions. Leaving this issueto Section 4, the overall
processingimplied for Fig.(2) would be as follows:

Preliminaries
1. The full input data setis divided into a (time-ordered) set of disjoint logical scans.

2. A WorkingTrackManageris Clear()'ed and initialized through the AddSimpleTracks() methods, using
the full set of Enhanced SimpleTracks at the start of processing.



Pro cessing For Each Data Scan
1. Standard Extend/Split processingis done for the current scanof data.

2. The TrackUpdatesfrom Track, Hit assaiationsareser through WorkingSummaryManager::ProcessUplates(),
updating the working summariesand incremerting the TrackUpdate set to be sert (evertually) to
the MST.

3. For all exceptthe last scanof processingthe SimpleTrack reports from the Assess function of Fig.(1)
are discarded.

Final Pro cessing

1. The SimpleTrack reports from the Assess()processingof the last data scanare sert to the MST.
Theseare inputs to possiblenew stereoassaiations and Track creations during the next processing
cycle of the MST.

2. Option: The TrackSummary componerts of the EnhancedSimpleTracks are restoredto their original
valuesprior to the schematic Fig.(2) processing.

It should be noted that the utilit y/wisdom of restoring the original TrackSummary cortent is far from
clear, even for the caseof simple track extensions,as in the "Problem 3' illustration of Fig.(3). Restoring
original TrackSummary componerts is closestin spirit to the ‘read only' formalism currently implicit in
SPET. This "'mandate’, however, is not particularly juti able for multi-scan processing. It may be more
reasorble to leave the current, “best-guess'TrackSummary objects after Fig.(2) processingin place until
they are explicitly over written by new "LocalTrackUpdate' messagedrom the MST.

3 Modications To The SPET Baseline

The WorkingSummaryManagerimplemertation in Section4 is closelytied to two particular aspects of the
overall SPET framework: the TrackUp date and TrackSummary objects. These are discussedin the
following subsections.

3.1 TrackUp date Pro cessing

TrackUpdate objects are usedto inform relevant MSTs of (Enhanced) SimpleTrack extensionsand splits
generatedduring SST processing. For presert purposes,a TrackUpdate object is fully described by the
constructor listed in Fig.(4)

TrackUpdate::Tr ackUpdat e(
const Detection &det, /I NewDetection For Track
const UniqueldValue &track id, // Track ID On MSTSide
const UniqueldValue
&simple _track id = 0, /I SimpleTrack 1D, SST Side
TrackUpdate::Typ e
= TrackUpdate::AD D); /[ Update Type

Figure 4: Code fragmernt illustrating the constructor/content of a TrackUpdate object.

The data content of this object is quite sparse: a Detection, ID's indicating the a ected SimpleTrack
and (full) Track, and simple Type ag, dierentiating extensionsof an existing track (ADD from track
splittings (SPLIT).



From the perspective of Figs.(1,2), all SST) MST interactions occur through these updates. The
processingfor Fig.(1) results in a set of TrackUpdate messages.These updates are evertually processed
in the GeneralizedT rackExtender componert of the MST, where extensionsand splits of the (MST)
systemtracks are actually done.

This same communications model can be maintained for the multi-scan processingof Figs.(2,3) with
only minimal extensionsof the existing TrackUpdate proceduresand protocols:

Extended TrackUp date Rules

1. All detectionsaddedto a split track have Type=SPLIT

2. The GeneralizedTrackExtended logic must dealwill ertire lists of Detections (all assaiated
with a single underlying SimpleTrack ID), forming a single split Track incorporating all
the reported Detections.

The modi cations to the existing instancesof the GeneralizedTrackExtender for the seconditem are ex-
tremely straightforward. The quali er "All' in the rst point requires someelaboration.

It should rst be stressedthat the Track ID's in all TrackUpdate messagesnust refer to known/existing
MST Tracks at the beginning of Figs.(2,3) processing.(These are, after all, the only Tracks known to the
MST.) Consider rst the particular Track splitting: -

T, ! T+ T,

in Scan3 of Fig.(3). This split generatesa new SimpleTrack and assaiated ID in the SingleSensorTacker,
and all updatesfrom Fig.(4) will havethat ID. Howewer, detectionsadded after the split itself (i.e., in scans
4,5,6) cannot be sert as Type=ADDsincethe track ID evertually assignedwithin the MST is unknown
(indeed, unknowable) at the time of the Fig.(3) splitting. For this reason,all Detections addedto T, are
taggedas Typ e=SPLIT

This is still not quite correct. The Ty ! Ty + T, split involvesnot the original T1 (as known by the MST)
but the extended T;, with new Detections added in Scans1 and 2. These Detections must be included
in additional updates that “split' the (yet non-existert) Track T, in scansl and 2. This is accomplished
through two "badk II' TrackUpdate messagedor scansl and 2 in the T; ! Ty + T, example.

The situation is even more interesting in the caseof track Tz in Fig.(3). This track splitting will
evertually generatesix TrackUpdate messagesall of Type=SPLIT, all with TracklD corresponding to the
original parent (T;) and all with SimpleTrack ID corresponding to the SST's SimpleTrack for T3. The rst
two reports will contain the Detections addedto T3 in scansl and 2. The next 2 reports will cortain the
Detections added to T, in scans3 and 4, and the last two reports will contain the Detections that were
actually addedto Ts.

From the (eventual) perspective of the MST, the singleinput Track T, hasbeenextendedand split into
two additional tracks. The MST will e ectiv ely act asthough thesesplits both occurred at the start of the
rst data scan. Due to various heuristics for split processingwithin the existing GeneralizedTrackExtender
instances, there will in fact be minor numerical di erences between a single, “instantaneous' T; ! Ty +
T, + T3 split asreconstructedin the MST and the actual, sequetial splitting procedurein the SST. These
di erences are expected to be small. For now, they are simply ignored.

3.2 Additional TrackSummary Interfaces For SimpleT rack

The extensionsof the TrackSummary and GeneralizedTrackExtender objects just discussedare ultimately
fairly straightforward. This is not quite the casefor TrackSummary componerts. The immediate problem
is the lack of a ‘real' (lightweight, easily cloned) TrackSummary object. The extensionsoutlined below are
intended to be both stepstowards an evertual, full solution and a workable temporary solution.

The existing implementation/utilization of TrackSummary objects within SimpleTracks is shown in
Fig.(5), using the current short-cut equivalence betweena TrackSummary and a Track. The rst three



typedef Track TrackSummary;

public:
bool HasTrackSummarf) const;
void SetTrackSummaryconst Track& summary);
void RemoveTrackSunamy () ;

const Track& GetTrackSummary() const;
UniqueldValue SummaryTrackld() const;

private:
Track d_track _summary

Figure 5: Fragmert from SimpleTrack.h, illustrating the existing SimpleTrack, TrackSummaryinteractions

methods managethe TrackSummary assaiated with a SimpleTrack (generally set after a “LocalTrackUp-
date' messagdrom MST is processedn the SST). The last two methods are the only allowed manipulations
of the summary object. This framework is adequatefor the simple manipulations of Section1.1 and Fig.(1)
but is awkward and incomplete for the schematic processingof Fig.(2).

A provisional, enhancedset of methods is shown in Fig.(6). The data elemerns in Fig.(6) suggestthe
intended enhancedcapabilities:

TrackSummary: The independent, modi able summary object used by the SimpleTrack for
precision tra jectory estimation. This object will be updated throughout all the interme-
diate scan processingsof Figs.(2,3).

UniqueldV alue: The MST-side Track ID assaiated with the TrackSummary when it was
rst received by the SST. This is the appropriate Track ID for all TrackUpdate messages
assaiated with the SimpleTrack.

bool: A simple ag distinguishing extensionsof an original Track from Tracks created through
splittings (e.g., T1' versus T, or T3' in Fig.(3).

The (extended) actions for the methods in Fig.(6) are as follows:

SetTrackSummary( const TrackSummary& ): Setthe TrackSummary data to (a clone of) the spec-
ied TrackSummary. Setthe UniqueldValue to that of the speci ed TrackSummary (as this will be
the ID neededfor generated TrackUpdate messages. Set the \Is Split" ag to false. This is the
standard action taken when the SST receivesa LocalTrackUpdate messagerom the MST.

AccessT rackSummary():  provide non-constaccessto the assaiated TrackSummary object, as needed
for the scan-hby-scan processingin Figs.(2,3). (It seemsbest to have an explicit, additional method,
leaving other, state-prediction utilizations of the TrackSummary object in their current, ‘read-only'
form.)

SummarylsSplit(),  MarkSplit():  Simple meansfor manipulating the ags that mark tracks produced
through track splittings.

In an ideal world, thesewould be the only generalizationsneededfor the existing interfacesin Fig.(5).
Howewer, the existing, incomplete implementation of TrackSummary objects meansthat a straightforward



public:
bool HasTrackSummarf) const;
void SetTrackSummaryconst TrackSummary&ummary);
void ResetTrackSummey( const TrackSummary&ummary);
void RemoveTrackSunany () ;

const TrackSummary&GetTrackSummary() const;
TrackSummary&AccessTrackSummy () const;
UniqueldValue SummaryTrackld() const;

bool SummarylsSplit( ) const;
void MarkSplit();

private:
TrackSummaryd_track _summary;
Unigueldvalue d_mst_summaryid;
bool d.is _split;

Figure 6: Proposedgeneralizations of Fig.(5), illustrating both additional data elemeris and enhanced
SimpleTrack, TrackSummary interactions

implementation of these methods would be unacceptably costly in terms of overall software performance.
In particular, cloning the speci ed, input TrackSummary during SetT rackSummary() for now requires
cloning the ertire assaiated Track. The additional ResetT rackSummary() method in Fig.(6) is provided
asa (naughty) back-door, sothat full Tracks are clonedonly whenthe full, multi-scan processingof Fig.(2)
is required. This (admittedly) patchwork implementation is described in Section 4.2, below.

3.2.1 Example: A TrackSummary Mo del For KeplerPrecisionT racks

This note is unnecessarily wishy-washy' due to the constart assertionthat the existing TrackSummary
implementation is incomplete. It is instructiv e to justify this claim by consideringthe caseof a KeplerPre-
cisionTrack.

Under the current model of "T rackSummary=T rack", cloning of a TrackSummary involvesduplication
of the full assaiated Detection set, duplication of the assaiated tra jectory model (a KeplerPrecisionTrack
in this case),and re-estimation of the assaiated tra jectory parameters. This processrequiresa non-trivial
amount of CPU time for Kepler tracks with substartial assciated data sets.

A suitable, easily updated TrackSummary appropriate for KeplerPrecisionTracks could be basedon
an underlying Extended Kalman Filter (EKF) model. The essetial trajectory data would be limited to
parameter and covariancevalues,sothat cloning becomedar lessexpensive. The trajectory and covariance
data can be updated, rather quickly, through standard EKF processingfor ead new Detection.

Unfortunately, implementation of e cien t TrackSummary objects requiresa whole C++ hierarchy, with
a TrackSummary baseclassand a host of instances(KinematicT rackSummary, KeplerTrackSummary, and
soon.) This full-scale redesignof the TrackSummary formalism is pending. As may becomeclear from
the discussionsin Section 4.2, the issueof ID propagaton for cloned TrackSummary objects will require
thought as well.



4 WorkingSummaryManager Implemen tation

This section elaborates the high-level overview of WorkingSummaryManager content and operations pre-
serted earlier in Section 2. Section 4.1 describesthe (provisional) data content of the WorkingSummary-
Manager. Continuing in the Section3.2.1 spirit of ‘wishy-washy apologetics', two strategiesfor the method
implementations are preserted in Sections4.2 and 4.3

4.1 Data Content

Two aspects of the WorkingSummaryManager data content are discussed: a provisional, internal data
container (Section 4.1.1) and additional, somewhatheavy-weight Track processingobjects (Section 4.1.2).
The Section4.1 object is an “implemertation detail'. The Section4.1.2 processingobjects will (evertually)
be part of the standard SPET "Read()/Write()' speci cations for the WorkingSummaryManager.

4.1.1 The WorkingSummaryDatum Data Container

Every (Enhanced) SimpleTrack added to the WorkingSummaryManager is represerted by a simple data
cortainer of the (notional) form shown in Fig.(7).

class WorkingSummaryDiam
f
public:
SimpleTrack sst _simple _track;
TrackSummaryoriginal _mst_summary;
DetectionList added detections;

g;

Figure 7: Provisional data content of the internal WorkingSummaryDatum data container.

An internal vector of these objects is incremerted for eadh Enhanced SimpleTrack processedduring
the AddSimpleT racks() method of Section 2, together with somestraightforward indexing structures to
provide data accesdy SimpleTrack and TrackSummary ID.

The DetectionList object in Fig.(7) is initially empty, and is incremerted with ead Detection that is
added to the SimpleTrack during the scan-by-scan processingof Figs.(1,2). Theselists of “data added so
far' are neededfor proper TrackUpdate generation at track splittings, as discussedin Section 3.1.

4.1.2 Computational Comp onents

The TrackSummary processingfor a single Detection added to an existing track is straightforward. The
processingwhen a new track is created at a split is more subtle. There are two cortingencies at track
splittings that must be supported:

1. Covariance de-weighting for the parent into the split.
2. Immediate “promotions' for certain daughters of track splittings.

These tasks are accomplishedwithin certain MST objects, speci cally the GeneralizedTrackExtender for
item 1 and a number of TrackPromoter objects for point 2.

The best way of incorporating these tasks will be through Extender and Promoter objects assaiated
with the WorkingSummaryManager and used, as needed,during the ProcessUplates() method of Section
2. The appropriate instancesof base-clas€Extender and Promoter would be speci ed through the standard



SPET Read() interface for the WorkingSummaryManager. (In practice, incorporation of TrackExtender
capabilities will be a bit awkward, in that only a subsetof the full GeneralizedTrackExtender is needed.
A re-factorization of the existing object may in fact be needed.)

4.2 Eventual, Full Implemen tation Metho ds

This sectionassumeghat lightweight, easily cloned TrackSummary objects exist. It is futher assumedthat
the TrackSummary componerts of Enhanced SimpleTracks are already independert, modifyable clones.
The implemenrtations for the basic methods of Section 2 would then be as follows:

4.2.1 Metho d Clear()
All internal data structures related to the WorkingSummaryDatum object of Section 4.1.1 are simply
emptied.

4.2.2 Metho d AddSimpleT racks()

A simple loop examinesall ertries in the supplied SimpleTrackLink edList. A new ertry in the internal
WorkingSummaryDatum structures is made for each Enhanced SimpleTrack (chedking for and ignoring
duplicate ertries).

If the TrackSummary componert of Fig.(7) exists, it should be set to an independert clone of the
existing TrackSummary.

It is further assumed/requiredthat the d_mst_.summary.id in Fig.(6) refersto the original TrackSummary
beforeany Fig.(2) processingand that the d_is_split ag is setto false.

4.2.3 Metho d Pro cessUp dates()
This method has a number of essetial responsibilities:

1. Update TrackSummary objects, as indicated by ead Type::ADD entry in the incoming vector of
TrackUpdates.

2. Create and insert a new TrackSummary componert for ead newly tagged Type::SPLIT entry from
the incoming TrackUpdates.

3. Create the appropriately reformatted TrackMessagedor the MST and append them to the speci ed
vector of TrackUpdates.

The assaiated processingfor Type::ADD input messagess straightforward.
Yada, yada, yada, ::: .

4.3 Short Term Work Around

Problem: Cloning a TrackSummary obect is expensive, and would result in an unacceptableperformance
degradation for ongoing SPO alanysis runs with SPET.
Solution: Clone only when necessary
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