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Abstract. Reliable usage of object detectors require them to be calibrated—
a crucial problem that requires careful attention. Recent approaches to-
wards this involve (1) designing new loss functions to obtain calibrated
detectors by training them from scratch, and (2) post-hoc Temperature
Scaling (TS) that learns to scale the likelihood of a trained detector to
output calibrated predictions. These approaches are then evaluated based
on a combination of Detection Expected Calibration Error (D-ECE) and
Average Precision. In this work, via extensive analysis and insights, we
highlight that these recent evaluation frameworks, evaluation metrics,
and the use of T'S have notable drawbacks leading to incorrect conclu-
sions. As a step towards fixing these issues, we propose a principled eval-
uation framework to jointly measure calibration and accuracy of object
detectors. We also tailor efficient and easy-to-use post-hoc calibration
approaches such as Platt Scaling and Isotonic Regression specifically for
object detection task. Contrary to the common notion, our experiments
show that once designed and evaluated properly, post-hoc calibrators,
which are extremely cheap to build and use, are much more powerful and
effective than the recent train-time calibration methods. To illustrate,
D-DETR with our post-hoc Isotonic Regression calibrator outperforms
the recent train-time state-of-the-art calibration method Cal-DETR by
more than 7 D-ECE on the COCO dataset. Additionally, we propose
improved versions of the recently proposed Localization-aware ECE and
show the efficacy of our method on these metrics. Code is available at:
https://github.com/fiveai/detection_calibration.
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1 Introduction

Object detectors have been widely-used in a variety of safety-critical applica-
tions related to, but not limited to, autonomous driving [6}/9,|13}/14,(61}/65] and
medical imaging [22,[28]/29,/64]. In addition to being accurate, their confidence
estimates should also allow characterization of their error behaviour to make
them reliable. This feature, known as calibration, can enable a model to pro-
vide valuable information to subsequent systems playing crucial role in making
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Fig. 1: The performance of different detectors over operating confidence thresholds on
COCO minitest. : Faster R-CNN, Green: RS R-CNN, Purple: ATSS, Red:
PAA, Blue: D-DETR. All measures are lower better except AP. It is not trivial to
identify an operating threshold and compare detectors, especially when the common
evaluation [30,41H43][52], combining D-ECE for calibration and AP for accuracy, is
used. Instead, we use LaECE( and Localisation-Recall-Precision Error (LRP).

safety-critical decisions [4,[241[26,137,[39]. Despite its importance, calibration of
detectors is a relatively underexplored area in the literature and requires sig-

nificant attention. Therefore, in this work, we focus on different aspects of the
evaluation framework that is now being adopted by most recent works building
calibrated detectors and discuss their pitfalls and propose fixes. Additionally, we
tailor the well-known post-hoc calibration methods to improve the calibration
of a given object detector (trained) with minimal effort.

Naturally, practitioners prefer detectors that perform well in terms of both
accuracy and calibration, which we will refer to as joint performance. However,
unlike classification, choosing the best performing model is non-trivial for object
detection. This is because different detectors commonly yield detection sets with
varying cardinalities for the same image, and this difference in population size
is shown to affect the joint performance evaluation . Furthermore, when
object detectors are used in practice, an operating threshold is normally chosen
, and the choice of this threshold directly influences a
detector’s performance. Thus, comparing the performance of a detector in terms
of calibration or accuracy over different operating thresholds as well as with
different detectors is not straightforward, as illustrated in Fig.

We assert that a framework for joint evaluation should follow certain basic
principles. Firstly, the detectors should be evaluated on a thresholded set of
detections to align with their practical usage. While doing so, the evaluation
framework will require a principled model-dependent threshold selection mecha-
nism, as the confidence distribution of each detector can differ significantly .
Secondly, the calibration should enforce the confidence scores to provide unam-
biguous and fine-grained information about the detection quality. For example,
if the confidence score represents the localisation quality of a detection, this
provides more fine-grained information than representing whether the object is
detected or not. Thirdly, the datasets should be properly-designed for evaluation.
That is, the training, validation (val.) and in-distribution (ID) test splits should
be sampled from the same underlying distribution, and additionally, the domain-
shifted test splits — which are crucial for safety-critical applications — should
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Table 1: Principles of joint performance evaluation of object detectors in terms of
accuracy and calibration, and whether existing evaluation approaches violate them.

Principles of Joint Evaluation [D-ECE-style [30] 41114352 [LaECE-style [48[[CE-style [55]][ Ours
Model-dependent threshold selection
Unambiguous & fine-grained confidence scores
Properly-designed datasets

x| x| x| X
x| x| x| X
NN NS

ANRIRTAN

Properly-trained detectors & calibrators

be included. Finally, baseline detectors and calibration methods must be trained
properly, as otherwise the evaluation might provide misleading conclusions.

There are three approaches for jointly evaluating accuracy and calibration:

o D-ECE-style |30,41-43.|52| thresholds the detections commonly from a con-
fidence of 0.30 to compute Detection Expected Calibration Error (D-ECE)
and use top-100 detections from each image for Average Precision (AP),

o LaECE-style |48] enforces the detectors to be thresholded properly, and com-

bine Localisation-aware Expected Calibration Error (LaECE) with LRP [47],

o CE-style |55] thresholds the detections from a confidence score of 0.50 to
obtain Calibration Error (CE) and AP.

As summarized in Tab. [I], these evaluations do not adhere to the basic principles
mentioned above. To exemplify, D-ECE-style evaluation — the most common
evaluation approach [30,/41H43|,/52] — uses different operating thresholds for
calibration and accuracy, which does not align well with the practical usage
of detectors. Also, using a fixed threshold (i.e., 0.30) for all detectors artificially
promotes certain detectors. To illustrate, while D-ECE-style evaluation ranks
the green detector as the worst in Fig. [I(a), the green one yields the best D-
ECE at 0.70. Besides, as shown in Fig. ), AP is maximized at the confidence
of 0 (leading to too many detections with low confidences) for all the detectors,
and thus AP cannot be used to obtain a proper operating threshold [47}[48].
In terms of conveying fine-grained information, D-ECE aims to align confidence
with the precision only, which effectively ignores the localisation quality of the
detections, a crucial performance aspect of object detection. Finally, this type of
evaluation also has limitations in terms of dataset splits and the chosen baselines
as we explore in Sec. [

Having proper baseline calibration methods is also essential to monitor the
progress in the field. Recently proposed train-time calibration methods com-
monly employ an auxiliary loss term to regularize the confidence scores during
training [30,41H43//52]. Such methods are shown to be effective against the Tem-
perature Scaling (TS) |15], which is used as the only post-hoc calibration base-
line. Post-hoc calibrators are obtained on a held-out val. set, and hence can easily
be applied to any off-the-shelf detector. Despite their potential advantages, un-
like for classification [15]/20,23}38}56}/62L/69], post-hoc calibration methods have
not been explored for object detection sufficiently [30L/48].

In this paper, we introduce a joint evaluation framework which respects the
aforementioned principles (Tab. , and thus address the critical drawbacks of
existing evaluation approaches. That is, we first define LaECEy and LaACEq,
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as novel calibration errors, each of which aims to align the detection confidence
scores with their localisation qualities. Thus, the detectors respecting LaECE
and LaACEq provide informative confidence estimates about their behaviours.
We measure accuracy using LRP [45//47], which requires a proper combination of
false-positive (FP), false-negative (FN) and localisation errors. Thereby requir-
ing the detectors to be properly-thresholded as shown by the bell-like curves in
Fig. d). Also, we design three datasets with different characteristics, and in-
troduce Platt Scaling (PS) as well as Isotonic Regression (IR) as highly effective
post-hoc calibrators tailored to object detection. Our main contributions are:

o We identify various quirks and assumptions in state-of-the-art (SOTA) meth-
ods in quantifying miscalibration of object detectors and show that they, if
not treated properly, can provide misleading conclusions.

o We introduce a framework for joint evaluation consisting of properly-designed
datasets, evaluation measures tailored to practical usage of object detectors
and baseline post-hoc calibration methods. We show that our framework
addresses the drawbacks of existing approaches.

o In contrast to the literature, we show that, if designed properly, post-hoc
calibrators can significantly outperform the SOTA training time calibration
methods. To illustrate, on the common COCO benchmark, D-DETR with
our IR calibrator outperforms the SOTA Cal-DETR [43] significantly: (i) by
more than 7 points in terms of D-ECE and (ii) ~ 4 points in terms of our
challenging LaECEj.

2 Background and Notation

Object Detectors and Evaluating their Accuracy Denoting the set of M
objects in an image X by {b;,c;}* where b; € R* is a bounding box and ¢; €
{1,..., K} is its class; an object detector produces the bounding box IA% the class
label ¢; and the confidence score p; for the objects in X i.e., f(X) = {¢é;, l;i,ﬁi}N
with N being the number of predictions. During evaluation, each detection is first
labelled as a true-positive (TP) or a FP using a matching function ¢(-) relying
on an Intersection-over-Union (IoU) threshold 7 to validate TPs. We assume
(i) returns the index of the object that a TP i matches to; else ¢ is a FP and
(i) = —1. Then, AP [11,|16}33|, the common accuracy measure, corresponds
to the area under the Precision Recall (PR) curve. Though widely-used, AP has
been criticized recently from different aspects [5,45,47,50,/58|. To illustrate, AP
is maximized when the number of detections increases [48] as shown in Fig.[I(b).
Therefore, AP does not help choosing an operating threshold, which is critical
for practical deployment. As an alternative, LRP [45,47] combines the numbers
of TP, FP, FN with the localisation error of the detections, which are denoted
by N1p, Nrp, Npx and Ej,.(7) € [0, 1] respectively:

1
LRP = Ngp + Nex + Eroc(?) | . 1
Ngp + Ngn + Ntp P N w(iz)>0 toc(®) 1)
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Unlike AP, LRP requires the detection set to be thresholded properly as both
FPs and FNs are penalized in Eq. .

Evaluating the Calibration of Object Detectors The alignment of ac-
curacy and confidence of a model, termed calibration, is extensively studied for
classification |[8]/15}27,/40,[44L|63]. That is, a classifier is calibrated if its accu-
racy is p for the predictions with confidence of p for all p € [0,1]. For object
detection, |30] extends this definition to enforce that the confidence matches the
precision of the detector, P(¢é; = ¢;|p;) = pi, ¥D; € [0, 1], where P(¢; = ¢;|p;) is
the precision. Then, discretizing the confidence space into J bins, D-ECE is

D-ECE = Z ||2;)|| |p; — precision(j)|, (2)

where D and @j are the set of all detections and the detections in the j-th
bin, and p; and precision(j) are the average confidence and the precision of
the detections in the j-th bin. Alternatively, considering that object detection
is a joint task of classification and localisation, LaECE [48| aims to match the
confidence with the product of precision and average IoU of TPs. Also, to prevent
certain classes from dominating the error, LaECE is introduced as a class-wise
measure. Using superscript ¢ to refer to each class and IoU®(j) as the average
IoU of ﬁ;, LaECE is defined as:

LaECE = %Z Z P | — precision®(j) x IoU*(j)] . (3)

Calibration Methods in Object Detection The existing methods for
calibrating object detectors can be split into two groups: (1) Training-time cal-
ibration approaches [41-43,/52,55] regularize the model to yield calibrated confi-
dence scores during training, which is generally achieved by an additive auxiliary
loss. (2) Post-hoc calibration methods use a held-out val. set to fit a calibration
function that maps the predicted confidence to the calibrated confidence. Specif-
ically, TS |15] is the only method considered as a baseline for recent training time
methods [41}42,52,|55]. As an alternative, IR [113}/66] is used within a limited
scope for a specific task called Self-aware Object Detection [48|. Furthermore, its
effectiveness neither on a wide range of detectors nor against existing training-
time calibration approaches has yet been investigated.

3 Analysis of the Common D-ECE-style Evaluation

D-ECE-style evaluation is the most common evaluation approach adopted by
several methods [30141-43]/52]. For that reason, here we provide a comprehensive
analysis of this evaluation approach and analyse the LaECE-style and CE-style
evaluations in App. B. Our analyses below are based on the principles outlined
in Sec. [I]and Tab. [I] and show that all approaches have notable drawbacks.
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1. Model-dependent threshold selec-
tion. As AP is obtained using the top-100
detections and D-ECE is computed on de-
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uating the calibration induces a bias for cer-
tain detectors. To illustrate, we compare the
performance of different calibration methods
over different thresholds in Fig. [2] where Cal-
DETR [43| performs the best only for the
threshold 0.30 and the post-hoc TS signifi-
cantly outperforms it on all other thresholds.
Therefore, this method of evaluation is sen-
sitive to the choice of threshold, leading to
ambiguity on the best performing method.
2. Fine-grained confidence scores. Manipulating Eq. , we show in
App. B that D-ECE for the j-th bin can be expressed as,

by > b

b; €D, (i)>0 bieDy,p(i)=—1

Fig. 2: Comparison of calibration
methods in terms of D-ECE on
COCO mini-test using D-DETR
|[71]. Post-hoc TS and IR calibra-
tors are obtained on a subset of
Objects365 |60] as in D-ECE-style
evaluation.

(pi — 1)+ (4)

Eq. implies that D-ECE is minimized when the confidence scores p; of TPs
are 1 and those of FPs are 0, which is also how the prediction-target pairs are
usually constructed to train post-hoc TS [30}41}43}/52]. Even if the detector is
perfectly calibrated for these binary targets, the confidence scores do not provide
information about localisation quality as illustrated by binary-valued pp_gcg for
both detections in Fig. B[b). Also, Popordanoska et al. [55] utilise D-ECE in a
COCO-style manner, that is they average D-ECE over different TP validation
IoU thresholds similar to COCO-style AP [33]. However, we observe that this
way of using D-ECE can promote ambiguous confidence scores. As an example,
given two IoU thresholds 7y and 73, a detection b; with 7 < IoU(I;i, by(iy) < T2

is a TP for 7, but a FP for 75. Thus, given Eq. , it follows that b; has
contradictory confidence targets for 71 and 7. This is illustrated in Fig. d) in
which D-ECE¢ (red line) remains constant regardless of the confidence. Thus,
using D-ECE (or another calibration measure) in this way should be avoided.
3. Properly-designed datasets. In the literature, the val. set to obtain the
post-hoc calibrator is typically taken from a different dataset than the ID dataset
[41H43}/52]. Specifically, the post-hoc calibrators are obtained on a subset from
from Objects365 |60] and BDD100K [65] for the models trained with COCO |[33]
and Cityscapes [9] respectively. Hence, as expected, a different dataset inevitably
induces domain shift, affecting the performance of the post-hoc calibrator [51].
To show that, following existing approaches, we obtain an IR calibrator [48] on
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Fig.3: A pictorial comparison of the different calibration errors. (a) Uncalibrated
detections of D-DETR on an image from . The detections on the left and right
have IoUs of 0.74 and 0.48 with the objects. (b) Calibrated detections in terms of
D-ECE and LaECE using 7 = 0.50, and D-ECEg, COCO-style D-ECE as in .
D — ECEc =7 as calibration error does not have a global minimum as shown in (d).
(c) Calibrated detections in terms of LaECE and LaACEq in which confidence matches
IoU. (d-f) Calibration errors for different types of detections, for which LaACE( behave
the same as LaECE(, hence excluded for clarity. App. B presents the details.

Objects365 and compare it with the one obtained on the ID val. set in terms
of D-ECE-style evaluation. Tab. [2| shows that the latter IR now outperforms (i)
the former one by ~ 11 D-ECE and (ii) SOTA Cal-DETR by 7.4 D-ECE,
showing the importance of dataset design for proper evaluation.

4. Properly-trained detectors and calibrators. Though Cityscapes is
commonly used in the literature [41H43/[52], the models trained on this dataset
follow COCO-style training. Specifically, D-DETR was trained on Cityscapes
for only 50 epochs though the training set of Cityscapes is ~ 40x smaller than
that of COCO (3K vs. ~ 118K). We now tailor the training of D-DETR for
Cityscapes by (i) 4x longer training considering the smaller training set and (ii)
increasing the training image scale considering the original resolution following
|§|. We kept all other hyperparameters as they are for both Cal-DETR and
D-DETR, and App. B presents the details. Tab. [3] shows that, once trained in
this setting, D-DETR is more accurate and calibrated than Cal-DETR.

4 A Framework for Joint Evaluation of Object Detectors

We now present our evaluation approach that respects to the principles in Sec.
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Table 2: Effect of using domain-shifted  Table 3: COCO training settings are
val. set on IR calibrator. Results are re- commonly adopted while training D-
ported on COCO-minitest. Val. set is N/A ~ DETR on Cityscapes. When trained with
for uncalibrated D-DETR and training larger images and longer, DETR performs

time calibration method Cal-DETR. slightly better than Cal-DETR.
Method Val set D-ECE |AP 1 Method Training Style|D-ECE|AP1
D-DETR N/A 12.8 44.1 D-DETR [43] COCO 13.8 |26.8
Cal-DETR| N/A 8.7 44.4 Cal-DETR [43] COCO 8.4 |28.4
IR Objects365 14.2 44.1 Cal-DETR Cityscapes 4.0 |34.9
IR COCO |1.3 (+7.4)|44.1 D-DETR Cityscapes 29 [36.1

4.1 Towards Fine-grained Calibrated Detection Confidence Scores

Calibration refers to the alignment of accuracy and confidence of a model. There-
fore, for an object detector to be calibrated, its confidence should respect both
classification and localisation accuracy. We discussed in Sec. [3] that D-ECE,
as the common calibration measure, only considers the precision of a detector,
thereby ignoring its localisation performance (Eq. ) LaECE [48]|, defined in
Eq. as an alternative to D-ECE, enforces the confidence scores to represent
the product of precision and average IoU of TPs. Thus, LaECE considers IoUs of
only TPs, and effectively ignores the localisation qualities of detections if their
IoU is less than the TP validation threshold 7 > 0. We assert that this selection
mechanism based on IoU unnecessarily limits the information conveyed by the
confidence score. We illustrate this on the right car in Fig. [3|(b) for which LaECE
requires a target confidence of 0 (Pragce = 0) as its IoU is less than 7 = 0.50.
However, instead of conveying a 0 confidence and implying no detection, repre-
senting its IoU by p; provides additional information. Hence, we propose using
7 =0, in which case the calibration criterion of LaECE reduces to,

Ef)ieBi(ﬁi)[IOU(ZBhbw(i))] = pi, Vp; € [0, 1], (5)

where we define ToU (b, by (i) = 0 for FPs when 7 = 0, B;(p;) is the set of boxes

with the confidence of p; and by;) is the ground-truth box that b; matches with.
To derive the calibration error for Eq. (5)), we follow LaECE by using J = 25
equally-spaced bins and averaging over class-wise errors and define,

D] o e/
LaECEO_KZZm' 5 —1oU°(j), (6)

c=1 j=1

where D¢ and @]C denote the set of all detections and those in jth bin respec-

tively, pj is the average confidence score and IoU® (j) is the average IoU of de-

tections in the j-th bin for class ¢, and the subscript 0 refers to the chosen T
which is 0. Furthermore, similar to the classification literature [40L/44], we define
Localisation-aware Adaptive Calibration Error (LaACE) using an adaptive bin-
ning approach in which the number of detections in each bin is equal. In order
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Table 4: Datasets for evaluating object detection and instance segmentation methods.

Type ‘ Train set ‘ Val set ‘ ID test set ‘ Domain-shifted test set

Common Objects [COCO train|COCO minival| COCO minitest| COCO minitest-C, Obj45K
Autonomous Driving| CS train CS minival CS minitest CS minitest-C, Foggy-CS
Long-tailed Objects | LVIS train | LVIS minival | LVIS minitest LVIS minitest-C

to capture the model behaviour precisely, we adopt the extreme case in which
each bin has only one detection, resulting in an easy-to-interpret measure which
corresponds to the mean absolute error between the confidence and the IoU,

1 K2y
LaACE, = % Z Z B
c=1 =1

As we show in App. C, LaECE, and LaACE( are both minimized when p; =
IoU(Z;i, by(iy) for all detections, which is also a necessary condition for LaACE.
Hence, as illustrated on the right car in Fig. [3[c) and (e), LaECE; and LaACE
requires conveying more fine-grained information compared to other measures.

i — ToU(b;, by (i))| - (7)

4.2 Model-dependent Thresholding for Proper Joint Evaluation

In practice, object detectors employ an operating threshold to preferably output
only TPs with high recall. However, AP as the common performance measure
does not enable cross-validating such a threshold as it is maximized when the
recall is maximized despite a drop in precision |47},48|. This can be observed in
Fig. b) where AP consistently decreases as the confidence threshold increases.
Alternatively, LRP (Eq. [1)) prefers detectors with high precision, recall and low
localisation error as illustrated by the bell-like curves in Fig. [I{d). This is be-
cause, unlike AP, LRP severely penalises detectors with low recall or precision,
making it a perfect fit for our framework. As a result, we consider LaECE, and
LaACEy with LRP and require each model to be thresholded properly.

4.3 Properly-designed Datasets

We curate three datasets summarized in Tab. |4t (i) COCO [33] including common
daily objects; (ii) Cityscapes |9] with autonomous driving scenes; and (iii) LVIS
|16], a challenging dataset focusing on the calibration of long-tailed detection.
For each dataset, we ensure that train, val. and ID test sets are sampled from
the same distribution, and include domain-shifted test sets. As these datasets do
not have public labels for test sets, we randomly split their val. sets into two as
minival and minitest similar to [17}/48}/49]. In such a way, we provide ID val. sets
to enable obtaining post-hoc calibrators and the operating thresholds properly.
For domain-shifted test sets, we apply common corruptions [21] to the ID test
sets, and include Obj45K [48]/60] and Foggy Cityscapes [59] as more realistic
shifts. Our datasets also have mask annotations and hence they can be used to
evaluate instance segmentation methods. App. C includes further details.
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4.4 Baseline Post-hoc Calibrators Tailored to Object Detection

It is essential to develop post-hoc calibration methods tailored to object detec-
tion, which has certain differences from the classification task. Existing meth-
ods [41H43l/52155] use only TS as a baseline without considering the peculiarities
of detection. Specifically, a single temperature parameter T is learned to ad-
just the predictive distribution while the confidence p; is commonly assumed to
be a Bernoulli random variable [30]. However, PS, fitting both a scale and a
shift parameter, is the widely-accepted calibration approach when the underly-
ing distribution is Bernoulli [15/54]. Also, how to construct a useful subset of the
detections to train the post-hoc calibrators has not been explored. To address
these shortcomings, we present (i) Platt Scaling in which the bias term makes a
notable difference in the performance, and (ii) Isotonic Regression by modeling
the calibration as a regression problem. Before introducing them, we now present
an overview on how we determine the set of detections to train the calibrators.
Overview We obtain post-hoc calibrators on a held out val. set using the
detections that are similar to those seen at inference to prevent low-scoring
detections from dominating the training of the calibrator. To do so, we cross-
validate a calibration threshold ¢ for each class ¢ and train a class-specific
calibrator ¢¢ : [0,1] — [0,1] using the detections with higher scores than a°.
Still, as ¢°(+) changes the confidence scores, we need another threshold ¥°, as
the operating threshold, to remove the redundant detections after calibration.
Following the accuracy measure, we cross-validate u¢ and ¢ using LRP. As for
inference time, for the i-th detection (ﬁi,iyi,éi), if p; > @, it survives to the
calibrator and then p¢* = (% (p;). Finally, if p¢* > 9%, the i-th detection is
an output of the detector. Alg. A.1 and A.2 provide the details. For {¢(+), we
prefer monotonically increasing functions in order not to affect the ranking of
the detections significantly and to keep their accuracy as we detail below.
Distribution Calibration via Platt Scaling Assuming that p; is sampled
from Bernoulli distribution B(-), we aim to minimize the Negative Log-Likelihood
(NLL) of the predictions on the target distribution B(IoU(f)i,bw(i))) using PS
[54]. Accordingly, we recover the logits, and then shift and scale the logits to

obtain the calibrated probabilities ﬁf“l,
5 = o(ao ™ (pi) +b), (8)

where () is the sigmoid and o~1(-) is its inverse, as well as a > 0 and b are the
learnable parameters. We derive the NLL for the ith detection in App. C as

—(T0U(bs, by(iy) log(p5) + (1 — ToU (b, by(iy)) log(1 — p5™)). (9)

Please note that Eq. @D, which is in fact the cross-entropy loss, is minimized
if peal = IoU(I;i, by (i) when LaECEq and LaACEy are minimized. We optimize
Eq. @D via the second-order optimization strategy L-BFGS |35| following [30].

Confidence Calibration via Isotonic Regression As an alternative per-
spective, p; can also be directly calibrated by modelling the calibration as a re-
gression task. To do so, we construct the prediction-target pairs ({p;, IoU(l;i, by(y)})
on the held-out val. set and then fit an IR model using scikit-learn [53].
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Table 5: Comparison with SOTA methods in terms of other evaluation measures on
COCO |33|. LRP is reported on LRP-optimal thresholds obtained on val. set. AP is
reported on top-100 detections. 7 is taken as 0.50. All measures are lower-better, except
AP. Bold: the best, underlined: second best. PS: Platt Scaling, IR: Isotonic Regression.

Cal. thbrdtlon (thr. 0.30) Cahbmtlon (LRP thr.) Accuracy
Type Method D-ECE LaECE D-ECE LaECE LRP ‘ AP 7T
Uncal. | D-DETR |71] 12.8 \ 13.2 15.0 \ 12.1 66.3 | 44.1

MDbLS |34] 15.6 16.3 18.7 15.8 65.9 44.3

MDCA |19] 12.2 13.5 14.3 12.6 66.4 43.8

Training TCD |42] 124 13.1 14.4 12.3 66.6 44.0
Time BPC |41] 9.8 13.1 11.4 12.3 66.8 43.6
Cal-DETR |43] 8.7 12.9 9.7 11.8 66.0 44.4

PS for D-ECE 0.9(+7.8) 16.3 2.4(+7.3) 15.8 66.3 44.1

Post-hoc PS for LaECE 11.0 11.5(+1.4) 9.4 10.1(+1.7) 66.3 44.1
(Ours) IR for D-ECE 1.3(+7.4) 15.7 2.6(+7.1) 15.3 662 | 441
IR for LaECE 10.2 8.9(+4.0) 9.3 8.2(+3.6) 66.3 43.7

Adapting Our Approach to Different Calibration Objectives Until
now, we considered post-hoc calibrators for LaECEy and LaACE( though in
practice different measures can be preferred. Our post-hoc calibrators can easily
be adapted for such cases by considering the dataset design and optimisation
criterion. To illustrate, for D-ECE-style evaluation, the calibration dataset is to
be class-agnostic where the detections are thresholded from 0.30 with prediction-
target pairs for IR as ({p;,0}) and ({p;,1}) for FPs and TPs respectively.

5 Experimental Evaluation

We now show that our post-hoc calibration approaches consistently outperform
training time calibration methods by significant margins (Sec. [5.1)) and that they
generalize to any detector and can thus be used as a strong baseline (Sec. |5.2]).

5.1 Comparing Our Baselines with SOTA Calibration Methods

Here, we compare PS and IR with recent training-time calibration methods con-
sidering various evaluation approaches. As these training-time methods mostly
rely on D-DETR, we also use D-DETR with ResNet-50 [18]. We obtain the detec-
tors of training time approaches trained with COCO dataset from their official
repositories, whereas we incorporate Cityscapes into their official repositories
and train them using the recommended setting in Tab.

Comparison on Other Evaluation Approaches Before moving on to our
evaluation approach, we first show that our PS and IR outperform all existing
training time methods on existing evaluation approaches. For that, we consider
D-ECE and the LaECE from 7 = 0.5 by including two different evaluation
settings for each: (i) the detection set is obtained from the fixed threshold of
0.30 following the convention [30}41}43|, and (ii) the operating thresholds are
cross-validated using LRP. Following their standard usage, we use 10 and 25
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Table 6: Comparison with SOTA calibration methods on Common Objects using our
proposed evaluation. Our gains (green/red) are reported for IR compared to the best
existing approach. Bold: the best, underlined: second best in terms of calibration.

COCO minitest COCO-C Obj45K
Calibration (ID) (Domain Shift) (Domain Shift)

Type Method LaECE,|LaACEy |LRP || LaECEo| LaACEo | LRP || LaECE,| LaACEo | LRP
Uncalibrated | D-DETR (71] || 12.7 | 27.1 |57.3| 14.6 | 287 |715| 164 | 358 |72.0
MbLS (34 16.5 30.3 [56.8] 16.8 311 |71.8] 17.3 37.1 |71.6
MDCA |19 13.1 272 |57.5| 145 28.7 |718| 16.6 35.6 | 72.2
Training-time TCD [42] 13.0 26.7 |57.6| 14.6 283 |71.9| 163 | 355 |7L7
BPC |41 12.4 25.5 |57.7( 14.1 27.1 |72.1] 17.3 345 [72.0
Cal-DETR [43] 11.6 24.6 |56.2] 138 264 |70.6] 188 35.3 | 711
Post-hoc Platt Scaling 9.6 235 |57.3] 128 25.6 |715] 17.0 33.7 |72.0
(Ours) Isotonic Regression 77 23.1 |57.2| 107 253 |715 17.2 33.3 |72.0

(+3.9) | (+1.5) (+3.1) | (+1.1) (-0.9) | (+1.2)

Table 7: Comparison with SOTA on Autonomous Driving using our proposed evalua-
tion. Our gains (green/red) are reported for IR compared to the best existing approach.
Bold: the best, underlined: second best in terms of calibration.

Cityscapes minitest Cityscapes-C Foggy Cityscapes
Calibration (ID) (Domain Shift) (Domain Shift)
Type Method LaECEo |LaACE | LRP || LaECEo | LaACE | LRP || LaECE, | LaACEq | LRP
Uncalibrated | D-DETR [71] || 203 | 26.0 |57.2|] 214 | 25.6 |80.2] 185 | 223 |69.4
TCD [42] 16.8 | 317 [59.2| 232 | 324 |[816| 244 | 338 [7L6
Training-time BPC [41] 238 | 318 [64.9| 281 | 333 |83.7| 247 | 309 |73.8
Cal-DETR |43 213 | 253 |56.9| 230 | 264 |808| 200 | 232 |710
Post-hoc Platt Scaling 9.6 | 233 |57.2]| 17.7 | 262 |[80.2]| 1L3 | 216 |[69.4
(Ours) Isotonic Regression 9.0 23.7 |56.8|| 16.4 25.8 |80.5| 10.0 21.2 |69.5
(+7.8) | (+1.6) (+5.0) | (-0.2) (+8.5) | (+1.1)

bins to compute D-ECE and LaECE respectively. We optimize PS and IR by
considering the calibration objective as described in Sec. [£:4] Tab. [§] shows that
PS and IR outperform SOTA Cal-DETR significantly by more than 7 D-ECE
and up to 4 LaECE on COCO minitest. Please note that all previous approaches
are optimized for D-ECE thresholded from 0.30, in terms of which our PS yields
only 0.9 D-ECE improving the SOTA by 7.8. Tab. 5| also suggests that post-hoc
calibrators perform the best when the calibration objective is aligned with the
measure. App. D shows that our observations generalize to Cityscapes.

Common Objects Setting We now evaluate detectors using our evaluation
approach. Tab. [f]shows that IR and PS share the top-2 entries on almost all test
subsets by preserving the accuracy (LRP) of D-DETR. Specifically, our gains on
ID set and COCO-C are significant, where IR outperforms Cal-DETR by around
3 — 4 LaECE( and 1.0 — 1.5 LaACEg. As for Obj45K, the challenging test set
with natural shift, IR and PS improve LaACE( but perform slightly worse in
terms of LaECEq. This is an expected drawback of post-hoc approaches when
the domain shift is large as they are trained only with ID val. set [51].



On Calibration of Object Detectors 13

Table 8: Comparison with TS using D-DETR. Bold: the best, underlined: second
best. X : domain-shifted val. set is used to obtain thresholds and calibrators, decreasing
the accuracy (red font). Bias term only exists for PS (b in Eq. (8)), thus N/A for IR.

H Ablations on Dataset || Ablations on Model Cityscapes minitest

COCO minitest ‘

Method ID Val. Set|Threshold||Class-wise|Bias Term||LaECEo|LaACE,|LRP| LaECEo|[LaACEo|LRP
Temperature Scaling X 12.3 20.8 |61.5|] 21.0 25.9 (60.3
(Current Baseline) v 12.5 23.1 |57.3]| 20.9 26.3 |57.2
Ablations on v v 11.3 24.8 |57.3|| 13.3 25.5 |[57.2
Temperature v v 12.4 22.9 |57.3|| 23.1 27.5 |57.2
Scaling v v v 10.6 242 |57.3 12.7 24.6 |57.2

Platt Scaling (Ours) v v v v 9.6 23.5 |57.3 9.6 23.3 |57.2
Isotonic Regression (Ours) v v v N/A 7.7 23.1 |57.2]| 9.0 23.7 |56.8

Table 9: Calibrating and evaluating different object detectors. We use Common Ob-
jects setting and report the results on COCO minitest. * denotes the detectors in Fig.
Bold: the best, underlined: second best for calibration.

Uncalibrated Platt Scaling Isotonic Regression
Type Detector Backbone |LaECE,|LaACE,|LRP||LaECE|LaACE|LRP||LaECEo|LaACEo|LRP||AP ©
PAA |25 R50 15.9 | 281 [59.7| 9.7 | 243 |59.7 7.7 | 23.8 [59.7|/43.2
ATSS [70]* R50 19.1 | 340 |59.5| 103 | 247 |59.5| 85 | 24.1 |59.5(43.1
One-Stage GFL 32| R50 13.7 | 285 |59.3|| 103 | 245 |59.3| 83 | 24.0 [59.3|43.0
VFNet [68] R50 13.9 | 258 |57.7|| 10.7 | 25.1 |57.7| 83 | 24.6 |57.7/44.8
Two.Stage|Faster R-CNN [57]| - R50 27.0 | 299 |60.4| 104 | 238 [60.4] 86 | 23.5 [60.4]40.1
%°| RS R-CNN [a6]" | Rs0 19.7 | 289 |58.7| 10.2 | 235 |58.7| 81 | 23.0 |58.8| 424
D-DETR |71]* R50 127 | 271 |57.3|| 96 | 235 [57.3| 7.7 | 231 |57.2(|44.1
DETRIike| UP-PETRI0] R50 344 | 352 |55.8|| 10.0 | 226 |55.8| 82 | 222 [55.9(42.9
DINO |[67] R50 13.6 | 269 |53.6| 10.6 | 235 |536| 89 | 228 [53.6/50.4
OVOD GLIP [31] Swin-T | 13.0 | 253 [49.0 92 | 224 [49.0 7.7 | 21.8 [49.0]|55.7
G. DINO 36 Swin-T | 138 | 27.5 |46.9| 89 | 219 [469| 7.7 | 213 [47.0/58.3
Co-DETR (72| | Swin-L | 10.8 | 230 |415|| 86 | 202 [415| 6.7 | 19.3 [41.6]/64.5
SOTA EVA |[12] VIT(EVA)| 174 | 212 |41.2| 86 | 203 [41.2 7.1 | 19.9 |41.2{645
MoCaFE |49] N/A 106 | 214 |40.7|| 89 | 204 |40.7| 7.3 | 19.9 [40.7|65.0

Autonomous Driving Setting Tab. [7] shows that our approaches consis-
tently outperform all training time calibration approaches on this setting as well.
Specifically, our gains are very significant ranging between 5.0-8.5 LaECE( com-
pared to the SOTA Cal-DETR, further presenting the efficacy of our approaches.

Comparison with Existing Temperature Scaling Baseline and Ab-
lations Tab. [§] compares TS for different design choices as well as with our PS
and IR. Please note that X corresponds to the baseline setting used in the re-
cent approaches |[41H43,/52] that employ Objects365 |60] and BDD100K [60] as
domain-shifted val. sets for obtaining the calibrator. Due to this domain shift,
the accuracy of TS degrades by up to 4 LRP, in red font, as the operating
thresholds obtained on these val. sets do not generalize to the ID set; showing
that it is crucial to use an ID val set. In ablations, thresholding the detections
and class-wise calibrators generally improves the performance of TS and a more
notable gain is observed once the bias term is used in PS. Our PS outperforms
TS baseline obtained on ID val. set by ~ 3 LaECEy on COCO and 11.4 LaECE
on Cityscapes. Finally, IR performs on par or better compared to PS.
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5.2 Calibrating and Evaluating Different Detection Methods

Another benefit of our post-hoc

calibrators is that they general-

ize to any object detector, thus 1.0 -
they can be reliably used as base- 0.8 - I‘/)L:)f Sampmﬁ/”/
lines. To show that, we calibrate 14 0.6| LAECE0= 34.4%1 |
different detectors with a diverse ,, g
set of architectures using PS and
IR in Tab. [0 The results suggest 0‘%7/ og

that both IR and PS perform bet- OO e e ® M0 D0 02 B 0P 38 10
ter than uncalibrated detectors. IR

consistently outperforms PS as it

fits multiple piece-wise linear func- Fig. 4: The reliability diagrams of UP-DETR.
tions while PS learns only two pa-

rameters (Eq. ) Specifically, IR

decreases the range of LaECE( from 10.6 —34.4 to 6.7—8.9 on COCO minitest by
preserving the accuracy, making it a solid baseline. For further insights, Fig. [4]
provides the reliability diagrams of the overconfident UP-DETR, of which IR
significantly improves its calibration. As for SOTA, MoCaE performs the best
in terms of accuracy with 40.7 LRP while Co-DETR has the best calibration
with 6.7 LaECEq and 19.3 LaACE,, which the future work should aim to sur-
pass. App. D.3 includes our results on our Long-tailed Objects setting (including
object detection and instance segmentation), showing the effectiveness of our
post-hoc calibrators on this challenging setting as well.

The performance measures we use in our evaluation framework are also easily
interpretable. For accuracy, LRP is a weighted combination of its FP, FN and
localisation error components (App. A), which, as an example, are 10.1, 22.7
and 18.8 respectively for Co-DETR [72] calibrated with IR. Also considering
LaACEy = 19.3, one can easily infer that: once deployed with the operating
thresholds determined by our framework, Co-DETR finds 77.3% of the objects
with 89.9% precision and 81.2% IoU where 19.3% is the mean absolute error of
the confidence to represent IoU. We believe these intuitive measures will enable
practicioners to make better decision when deploying object detectors.

= U )
% of Samples’|
LaECEo= 8.2%

0.2

(a) Uncalibrated (b) Calibrated by IR

6 Conclusions

The progress in a field heavily relies on the evaluation tools and the baselines
used. In this paper, we showed that existing evaluation tools for calibration as
well as the baseline post-hoc calibrators for object detectors have significant
drawbacks. We remedied that by introducing an evaluation framework includ-
ing baseline post-hoc calibrators tailored to object detection. Our experiments
suggested that, once evaluated and designed properly, the post-hoc calibrators
significantly outperform all existing training-time calibrators. This implies the
need for research to develop better calibration techniques for object detection,
for which, we believe, our evaluation framework will be an essential pillar.
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