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Abstract.  While most work on forming contracts in supply chains have
focusedon pricing schemes,auction mechanisms and production schedul-
ing strategies, little attention has been paid to establishing and main-
taining stable relationships based on trust. We study trust in supply-
chains in the context of reliably meeting negotiated contract deadlines.
We investigate scenarios where contractors prefer to assign contracts
to contractees who are signi cantly more consistert in meeting dead-
lines. Contractees who seekto establish such trusted partnerships need
to model variabilities in their own task completion times as well as that
of their subcontractors. We presert a probabilistic analysis that enables
such contractees to strategically bid on tasks to earn the trust of their
contractors. Our analysis also identi es situations when suc trust rela-
tionships are not viable. Results from simulated experiments corroborate
the e ectiv enessof the prescriptions of our probabilistic analysis.

1 Intro duction

Engineering robust, vibrant supply chains that allow exibilit y, modularity, and
scalability presert open, important, and unsolved researt challenges.As a re-
sult, supply chain managememn whererational agerts represen interests of indi-
vidual ertities and organizationshave beenan areaof active researd [1]. Agent-
basedapproatestypically attempt to optimize the pro tabilit y of ertities with
emphasison pricing and scheduling. Researters in businessand managemen
science,however, have recognizedthat a key componert of decision-makingin
real-world supply chains is the consideration of trust between the contracting
organizations [2].

We usea cortracting framework to allocate tasks: manufacturers announce
contracts for tasks with given deadlines;suppliers bid on these tasks; and the
contract is allocated to a highly trusted bidder. Trust of an agen is measuredas
the fraction of assignedtasks for which the agert could meet the deadline. We
assumethat the trust preferencesof the contractor, the task deadlinedistribution
and the performancedistribution of the contracteesare known. We then develop
a precisebidding strategy for trust-building cortractees. The motivation is to bid
only on those tasks for which they have a high likelihood of meeting deadlines.
Howewer, not bidding on tasks also reducesthe succesgate of completing tasks.
We provide a probabilistic analysisto handle this tradeo .



2 Contracting Mo del

The Request For Quote of ead task T; cortains an assaiated deadline d(T;)

drawn from a distribution T. P;, de ned over the closedinterval [l;h], repre-

serts the distribution from which the actual time taken by |iupplierj to process
sks is drawn. For continuous distributions, this means Ih P; (x)dx = 1 and
" T(y)dy = 1.

Each contractor maintains a trust rating, t. for eat possiblecontractee, c,
which is the proportion of time that contractee could meet an assignedtask
deadline. A cortractor considersa cortractee bto be more trusted than another
corntractee b if

<t 1)

where > 1lisatrust constart. The cortractor of a task assignsit randomly to
one of those cortractees for whom there are no other more trusted contractees.

Let there be N cortractees. The goal of a cortractee j is to maximize its
successn procuring and delivering cortracts, i.e., its suaessrate
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wherer(j;y) is the probability that a task of length y is assignedto agert j,
the integration within the parenthesis represens the likelihood of meeting the
deadliney and bl, bh are respectively the minimum and maximum deadlinesfor
tasks on which j will bid. The suaessrate represetts the expected number of
assignedtasks successfullydelivered by their deadline.

Note that this is a simpli cation of the real-world corntracting process.in par-
ticular, we have left out the consideration of the price in the bid while awarding
contracts! This, however, is a deliberate attempt on our part to focuson the issue
of deweloping trusted relationships in supply chains. We believe that real-world
stable supply chains incorporate trust as a key consideration for awarding con-
tracts. We adknowledgethat even in sud situations, trust is one of seeral key
parametersthat determinescontract awards. In this study, howewver, we wanted
to focus exclusively on trust considerationsasthere hasbeenvery little work in
agent basedsystemson the useof trust in supply chain contracting. We alsoac-
knowledgethat the above model of trust-based cortracting is just one of seweral
plausible schemesthat can be usedby contractors.

3 Trust Building mechanism

We usetwo typesof bidding strategiesfor a cortractee j in responseto an RFQ
for a task t;:

Greedy (G) agerts bid for task for which is a non-zero probability of

meeting the deadline, i.e., ld(Ti) P; (x)dx > 0,



Trust-building (TB) agerts focus on building trust and hencebids only for
tasks whosedeadlinesthey are likely to meet.

While this meansthat the TB agens will compete for lesstasks, in the long run
such agens expect to be favorably treated for awarding cortracts with “safer'
tasks, i.e., tasks that they are likely to be able to complete by the deadline.
The key consideration here is the choice of the minimum deadline threshold,
D, for bidding such that the TB corntractee is viewed by the cortractor to be
more trustworthy than a G contractee. The number of contractees using the G
and TB strategy are known and given by Ng and Ntg respectively. Note that
N = Ng + Ntg.

The key consideration hereis the choice of the minimum deadline threshold,
D, for bidding such that the TB contractee is viewed by the cortractor to be
more trustworthy than a G corntractee. To analytically derive this threshold, D,
we assumethat the task arrival distribution T and the performancedistribution
of all agerts are commonknowledge.As we are primarily interestedin the e ects
of the trust-building medanism, we further assumethat all agers have the same
performancedistribution P. The Figure 3 presens a typical situation with task
and performance probability distributions and the deadline D below which TB
agerts will not bid.

The average expected succesdikelihood or trustworthiness of an agert who
wins all tasks in the region [bl; bh] is given by

z z
1 bh
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where T,y = Fiy T(z)dz, is the cumulative probability of tasks arriving with
deadlinesin the region [x; y]. If an agernt wins only a fraction f of tasksin that
region, the correspnding averagesuccesdikelihood is f P (bl; bh).

Tofacilitate the preseration of the analysiswe considerthe steady state case,
whereoneof the TB agerts always win the contract whenthey bid (becausethey
have beenrecognizedto be more trustworthy than greedy contractees), and at
other times one of the G agerts win the contract. First we note that there is
no reasonfor the TB agerts to not bid on tasks at the higher end of the task
deadlinedistribution. Hence,the upper limit of the range of task deadlinesa TB
agert will bid, bhrg is equalto h. Therefore, at steady state, the TB agerts will
win all the tasks for deadlinesin the range [Ds; h] and G agerts will win all
contracts in the region[l; Dss), where D5 is the deadline threshold above which
TB agerts will bid in steady state. From Equation 1 we then have the following
inequality:

P(Dss;h) > P(l;Dss): 4)

This implies that at the steady state, the TB agerts have at least times higher
trustworthiness at steady state. Equations 3 and 4 can be usedto calculate D .

The assumption implicit in Equation 4, that the TB agerts win whene\er
they bid, is not valid at the outset whenthe TB cortractees have not beenable
to demonstrate their superior trustworthiness in meeting deadlines.HenceD g5



is not the appropriate choice for the initial minimum task deadline to bid for,
D,, by TB agens. To calculate D, we assumethat tasks are initially assigned
randomly between all bidders in the population. So, while all the tasks with
deadlinesin the range [I;D,) will be assignedto G cortractees, tasks in the
region [D, ;h] will be assignedto G versus TB bidders in the ratio of Ng to
Ntg. The choiceof D, shouldbe suc that it allowsa TB agert to have at least
times higher trustworthiness when tasks are being assignedrandomly between

bidders: I
Nt ppyspy> 2 PUDD* Toin 3PN
N Tin

()

The left hand side of the inequality represerts the proportion of tasks expected
to be successfullydelivered by TB agerts when tasks are randomly assigned
betweenall bidders and the TB agerts bid only in the interval [D, ; h]. The term
within the parenthesis on the RHS of the inequality denotesthe proportion of
tasks successfullydelivered by G agerts in this period. The terms T.p, and
Tb, :n areusedto normalize the trustworthinessin the regions[l; D] and [D, ; h]
respectively. To calculate D, we simplify Equation 5

N Tip,

P(D,;h) >
(Bt NTtB NcTp, n

P(I;Dy); (6)

where the simpli cation usesthe fact that T, = 1 and that
Ntg > NgTp, h: (1)

The inequality in Equation 6 can be satis ed for a range of D, values.The TB
agert usesthe minimum value in the range which also satis es the inequality in
Equation 7.

In this paper we useequal number of TB and G agens and henceEquation 6
simplies to

POIih) > ;2P (;Dy); ®

D,;h
and Equation 7 simplies to Tp, 5 < 1.

Note that this analysisis focusedon earningthe trust of the consumer.It does
not require that the TB agerts successfullycomplete more assignedtasks than
does G agens. The goal of the cortractee, however, is to maximize its success
rate asdescribed in Section 2. Hence,a cortractee must evaluate whether it will
have a better succesgate if it decidesto be TB or G agert. If all agerts were
of type G, then from the expressionin 2, and given that G agerts bid over the
ertire range [I; h], the succesgate of ea agert is

1 Zn z,

N T(y) | Pj(x)dx dy; )
asall cortracteeswill be awarded tasks with equal probability, i.e., 8j;r(j;y) =
Ni. If on the other hand, Ng and Ntg agens are greedy and trust-building
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Fig. 1. Example triangular task deadline and performance distributions.

respectively, the succesgate of a TB agert for a bidding deadline threshold of
D,, calculated from a given asabove, is given by:

Z, z,

NL T(y) P; (x)dx dy: (20)
TB D, |

Hence,in addition to satisfying the inequality in 6 and 7, the D, value chosen
must satisfy the following inequality obtained by requiring that the expression
in 10 be more than the value of the expressionin 9:
Z, zZ, N zZ, zZ,
T(y) Pi()dx dy> =2 T(y) P (x)dx dy: (11)
|

D, I I

For someT and P distributions, we designateby nax the maximal value for
which there exist a value of D, that satis es all these conditions.

3.1 Analytical predictions

To simplify the calculation of the deadline thresholds we work with discrete
distributions dewveloped by sampling from contin uous distributions of the desired
shape and then normalizing the sampledvalues.We believe that triangle shaped
distributions can be usedas coarseapproximations of realistic task deadline and
perform distributions. Examplesof such distributions de ned over the range|l; h]
are preseried in Figure 3. The shadedregion correspndsto the task deadlines
for which TB agerts will not bid. T, and P, denotesthe highestlikelihood points
for the task deadline and performancedeadline distributions respectively.

We now present. in Figure 3.1, the successrates of G and TB cortractees
as is varied for dierent task distributions. For this gure the range of the
task and performance distributions is [0; 120]. The highest likelihood point of
the triangular performance distribution is chosenat P, = 60. Three sets of
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Fig. 2. Variation of succesgates with  for di eren t task distributions (T, = in paren-
theses).

calculations are performed for di erent valuesof the highest likelihood point of
the triangular task distribution T, equal to 40, 60, and 80 respectively. As
increasesthe TB agerts have to relinquish more and more tasks in order to be
su cien tly more trustworthy. As D, increasesthough the trustworthiness (refer
expressionin Equation 3) of TB agerts increasesthey will actually be awarded
lesstasks while G agerts are awarded more tasks. As winning more contracts
facilitates higher succesgate *, the succesgate of G cortractees increasesand
the succesgate of the TB coriractors decreasesNote that as T, decreasesi.e.,
tasks with shorter deadline becomesmore prevalert, the performance of both
TB and G cortractees decreasethough nax increases(this latter obsenation
is discussedin more detail while discussingFigure 3.1).

In Figure 3.1 we have presenred results with the choice of D, required to
satisfy only the trust building condition speci ed in inequality 8. We obsene that
for T, equalto 40 and 60, beyond a certain trust threshold the TB cortractees
have lessersuccessrates than G contractees. This reinforces the necessiy of
enforcing the performancecondition speci ed in inequality 11. We nd that the
crossingpoints are just beyond . - In practice, therefore, a rational cortractee
will revert to G behavior for valuesjust lower than the value wherethesecurves
meet.

! Sincein the current model successate is measuredas the number of awarded tasks
whose deadlines were met, this metric is a non-decreasingfunction of the number of
tasks awarded. If failure to meet deadlines had an assaiated penalty, our expected
utilit y maximization framework would have resulted in atradeo of penalty of failure
versus utilit y of successfuldelivery of a task.



100 1

- 0.9 - -

gamma:1.7g gamma=2.21
DI=81 ? DI=82

80 - g o8 H

70 | Bl 0.7 - Tp=60 / Tp=40 Bl

60 0.6 B
£ Tp=eo 2

50

DI

os | Tp=80 ;| ./ N

proportion of tasks not bid on

40 0.4 4

30 B 0.3 - T
20 |-/ B 0.2 - 4 Bl

10 ff g 0.1 g

o o
1 1.2 1.4 1.6 1.8 2 2.2 2.4 1 1.2 1.4 1.6 1.8 2 2.2 2.4

gamma gamma

Fig. 3. Variation of D, (left) and percertage of tasks not bid on by TB contractees
(right) with  for di erent task distributions.

In Figure 3.1, we plot the minimum value of D, for which the inequality in
Equation 6 canbe satis ed for di erent trust constarts, . Note that increasing
implies the TB agerts must have that much higher succesdik elihood compared
to G agerts. This necessitatesusing a higher value of D, thus bidding only
for tasks which has longer deadlineswhich are more likely to be met. In e ect,
the TB agerts are relinquishing a higher portion of the market share to be
able to exclusively \own" (win) cortracts for which there is a greater chance
of meeting the deadline. Beyond a certain value of , howewer, no value of D,
that satis es the inequalities in Equations 7 and 11 can be found. Note that
for a given , as Ty, the peak of the triangular task distribution, increases,D
value increases.This is both becauserelatively more number of tasks appear
with a longer deadline and becausethere is a higher probability of successfully
meeting their deadlines.More interestingly, as T, increasesthe maximum for
which an acceptableD, is found decreasesWhen tasks have longer deadlines,
the TB agert nds it moredicult to be signicantly more trustworthy as this
signi cance threshold is increased.This is becauselonger deadlinesallow even
the G bidders to successfullycomplete tasks. Simply picking a higher D, is not
su cien t to be signi cantly more consistert in meeting deadlines.

We alsoplot, in Figure 3.1the percertage of tasksthat TB agerts choosenot
to bid on for the three di erent distributions and for dierent values.In both
of these gures, and for T, = 40 and 60, we have marked on the corresponding
plots the maximum valuesfor which the inequality in 11 can be satis ed. We
nd that for T, = 40, in the extreme caseof = 2:21,the TB contractee is able
to outperform, in terms of successrate, the G cortractee even though it does
not bid for a whopping 85.3% of the tasks!

To better understand the range of performance of the TB corntractees in
di erent task distribution we summarize,in Table 1, the range of their success
rates aswell asthe succesgate if all corntracteeswere using the greedy strategy.



Tp|All G|TB max| max |TB min|D, |% no bid
40{0.095 0.19 |2.21| 0.099 (81| 85.3
60/0.121| 0.24 |1.76| 0.127 (82| 81.5
80/0.157| 0.31 |1.44| 0.251 |72| 56.27

Table 1. Valuesfor dierent T,: successrates if all contractees were greedy, success
rate of TB contractees when just greater than 1 nax . The following columns denote
the valueswhen = ax : successrate to TB contractees D, , percertage of task that

TB agerts do not bid on.

For example,for T, = 40,we nd that if every cortractee is greedy their success
rate is 0.095, while the best ( just more than 1) and worst ( = 2:21) success
rate of TB contractees would be 0.19 and 0.099respectively. In the latter case,
D, = 8landthe TB contractee is not bidding on 85.3%of the tasks. In all cases,
the best TB successrate is almost twice that of the greedy corntractees. This

happenswhen the cortractor is least stringent in the trustworthiness measure,
i.e., isjust greaterthan 1.

4 Exp erimen tal Framew ork

In our experimental setup we comparedthe behavior of two agerts bidding, one
Tg and one G agen, for a contract o ered by the customer,the cortractor. The
deadlinesfor the corntracts are generatedrandomly from a discretized triangular
distribution. There are two suppliers under ead of these two cortractees, and
the cortractee agerts must procure supplies from these downstream suppliers
beforeit can processan assignedtask.

Sincethe total time taken by the contractee is the sum of the time taken by
its supplier to produce the necessarysuppliesplus the time it takesto usethese
supplies to processthe tasks, the corresponding task distributions are chosen
so that the resultant performance distribution range matchesthat of the task
distribution We have used identical triangular distributions for the contractee
and the suppliers de ned over the range [0,60] with the highest point of the
distribution at the midpoint of the range. The resultant performancedistribution
of the corntractee then rangesover [0,120].

In our experimerts, weiterativ ely generatednewtask deadlinesfrom the task
distribution. In a particular iteration, the Tg agen decidesto bid if the deadline
is greaterthan D,. The G agert bids on all tasks. In the rst 100iterations the
customerrandomly selectshetweenthe agerts to estimate the trustworthiness of
the cortractees. Thereafter a contractee for a task is chosenusing the selection
criteria speci ed in Section 2. When a cortractee is awarded a task, it gener-
ates an quote requestin turn to procure necessarysuppliesfrom the suppliers.
The time taken by the suppliers followed by that of the selectedcortractee are
then generatedfrom their performancedistributions using the standard inverse
transform method and are addedto calculate the contract ful llmen t or delivery
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Fig. 4. Selection Ratio (T, = 40; = 1:25).

time. The agert succeedsf the delivery time is lessthan or equalto the cortract
deadline, and fails otherwise.

5 Exp erimen tal Results

In our rst experiment, we comparethe selectionratio of the two agens over
2000iterations, where the selectionratio is the proportion of time the agert is
selected.The experimert is repeated on three di erent task distributions: Tp=
40,60 and 80 and for = 1:25. The results from the T, = 40 scenariois shown
in Figure 5 (plots for other valuesusedfor T, are similar and are omitted due
to spaceconstraints).

From the gure we obsene that the TB cortractee clearly outperforms the
greedycorntractee asit succeedsn winning almost three times asmany cortracts.
Though winning contracts do not necessarilymean successfullyful lling them,
as TB contractees bid for tasks of longer deadline, the actual ratio of their
successrates is likely to be ewven higher. Initially , the customer makes awards
randomly betweenthe bidders, and the greedyagert is selectedmore often asit
bids over the entire task range comparedto the TB agert who bids only if the
task deadlineis greaterthan D, . Over time, asthe TB cortractee is signi cantly
more successfulin meeting contract deadlinescomparedto the greedyager, it
gainsthe trust of the contractor and is thereafter selectedwheneer it bids. After
about the 200iterations, the selectionratio of the TB agert becomegreaterthan
that of the greedy agert. We also obsene that the di erence betweenthe two
curvesincreaserapidly after the initial phaseof random selectionendsand nally
reachesa saturation. This shaws the transition from the trust-building stageto
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Fig. 5. Successfuldeliveries with T, = 40.

the steady-state. At steady state, trust in the TB agert is rmly establishedand
it wins every cortract for which it bids.

We also plot the the total number of successfuldeliveries the agerts make
after 1000 iterations for dierent valuesof and T, = 40 in Figure 5. From
this gure, and others omitted due to spacerestrictions, we obsene that in all
the casesthe experimental results closely match the theoretical predictions (see
Figure 3.1). The greedyagert becomeamore successfuthan the TB agert when

> 2:12. At this point, though the TB cortractee wins all cortracts for which it
bids, it choosesnot to bid on more than 76% of the tasks and hencethe greedy
agert is able to successfullydeliver more tasks. Note that the TB agert will
switch to G strategy at this high levels of becauseno acceptablevalue of D,
can be found that satis es the inequality in Equation 11. So, in practice it is
unlikely that TB agerts will be outperformed by greedy agens.

6 Related work

Multiagent systems(MAS) researders conceptualizea supply chain as a group
of collaborative autonomous software agerts [1]. Tadkling coordination in sup-
ply chains using partial constraint satisfaction problems by mediating agerts is
investigated by [3].

Swaminathan et al. has provided a framework for e cien t supply chain for-
mation [4]. Multiagent Systemsreseart has emphasizedon the emergenceof

2 The theoretically predicted crossoer point, from Table 1, is for = 2:21. We ob-
served similar small overestimations in the theoretical predictions for T, = 60.



the optimal con guration of the supply chain. Walsh et al. has shavn the opti-
mal dynamic task allocation in a supply chain using combinatorial auction [1].
Collins and Gini has provided a testbed, MAGNET, for multiagent corntracting
for supply chain formation using a multiple criteria [5].

In recert researd, trust is establishedas a key factor to build pro table and
long term B2B and B2C collaborations in the Industry [6]. Trust plays an even
more critical and important role in the domain of Electronic commerce[7]. Sev-
eral trust managemen systemshave beenproposedto handle the developmen
of trust and its impact in sudc systems[8].

Use of trust as a basis for interaction strategies has been widely used in
multiagent systems.Marsh wasoneofthe rst to attempt a computational model
of trust [9]. Castelfranchi and colleagueshave arguedfor the necessiy of trust in
sacial interactions betweenagerts with complex mental attitudes [10]. Brainov
and Sandholhm [11] have shown that trust basedcortracting can signi cantly
increasemarket e ciency measuredby social welfare, trade volume and agert
utilities. Yu and Singh[12] have proposeda mechanism for combining reputation
from multiple sourcesto obtain trust ratings.

7 Conclusions and future work

In this paper, we have argued for the use of trust modelsto award cortracts in
the corntext of supply chains. We work with a particular trust-based cortracting
framework where contractees with signi cantly higher historical successrates
in meeting cortract deadlines are preferertially selected over less \punctual"
agerts. We arguethat in order to build and maintain the trust of their contrac-
tor, cortractees will needto avoid bidding on risky tasks, i.e., tasks for which
there is a signi cant risk of failing to meet deadlines.The goal of such strategic
bidding is to more than recover the lossfrom not bidding on suc high-risk tasks
by more consisterily winning the corntracts on tasks with longer deadlines.As a
result, suc trust-building agerts bid lessoften for tasks, but win and success-
fully meet the deadline of tasks they bid for in comparisonto \greedy" agens
who bid for all tasks. Our mechanism allows ertities in a supply-chain to orga-
nize themsehesinto pro table, mutually bene cial, stable partnerships that is
resistart to environmental noiseand performancevariations.

Given task deadline and performance,i.e., task processing,distributions, we
use a probabilistic analysis to analytically derive the task deadline threshold
belov which a trust-building cortractee will not bid for a task. We analyze
seweral properties and features of such a bidding stcheme and characterize its
performance for varying task deadline distributions and trust thresholds. We
also provide experimental veri cation on a small supply chain to demonstrate
the competitiv e advantage of our trust-building strategy over a greedy strategy
that bids for all tasks.

In this paper, the trust constart, , and the corntract allocation procedure
are assumedto be common knowledge. The task distribution is assumedto be
constart and known a priori. Similarly, the performancedistribution is xed and



is assumedo beidentical for all cortractees. Also, in practice taskswith di erent
deadlinesmay fetch dierent prots and hencea utilit y function distinct from
succesgate should be consideredto mirror real-life situations. We plan to relax
someof this approacesin future work.

We have precisely calculated the initial bidding threshold to earn trust. We
have also characterized the steady state value. An interesting, open question is
how to vary the threshold over time to get from D, to Dss while consisterily
maintaining the trust of the contractor. We areworking on extending our analysis
to include utilities for delivering corntracts on time and penalties for missing
deadlines.
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